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Spontaneous emission is a fundamental manifestation of quantum mechanics and is strongly
modified by the material environment in which the emitters are placed. Achieving the
control of radiative and non-radiative transitions is of great importance for applications
ranging from biosensing and optical communications to quantum technologies. The design
of nanostructured media with tailored electromagnetic properties opens up a route for
controlling the emission rate and the non-radiative energy transfer via the engineering of
the local density of optical states. In this thesis, the influence of a gold nanorod-based
hyperbolic metamaterial on the spontaneous emission and energy transfer between emitters
located within the metamaterial is investigated. Hyperbolic metamaterials have emerged
as a flexible and powerful platform for these purposes providing a high local density of
states due to their peculiar mode structure. In a theoretical and experimental analysis, it
is shown that the emission process in a nanorod-based hyperbolic metamaterial is strongly
affected by its nonlocal response, thus impacting the emission dynamics and leading to a
broadband 30-fold reduction of the emitters lifetime spanning the whole visible spectral
range. To further emphasize the importance of the mode structure of the metamaterial in
the emission process, an almost 50-fold enhancement of the spontaneous emission coupled
to a waveguided mode of the metamaterial is demonstrated. The emission of a long lifetime
Ruthenium complex involving spin-forbidden dipolar transitions is also studied. Rate
enhancements far beyond the predictions of the standard electromagnetic local density
of states description are observed, reaching 1000-fold near a gold film and higher inside
the metamaterial. The influence of the local density of states on non-radiative energy
transfer is presented, leading to more than 10-fold increase of the FRET rate inside the
metamaterial. These results demonstrate the potential of highly tuneable hyperbolic
metamaterials for the control of spontaneous emission and energy transfer, highlighting
the capability of such materials for the design of enhanced and fast light sources.
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Spontaneous emission of light, describing the phenomenon of de-excitation of atoms by
emission of a photon, is responsible for most of the light generated around us. From
light emission by living organisms such as fireflies, to cutting-edge technologies such as
modern light sources and display screens, the process of spontaneous emission can be
distinguished by the source of energy from which it originates. Light emission resulting
from excitation sources other than heat is known as luminescence. This includes, among
others, electroluminescence, where light is emitted due to the electron-hole recombination
in the material upon application of an electric current; and photoluminescence, spontaneous
emission generated upon absorption of photons. Both electro- and photoluminescence
have major roles in day-to-day applications and are heavily investigated in several research
domains, where the precise engineering of the spontaneous emission and non-radiative
processes properties could lead to significant advances.
Photoluminescence, which can be differentiated between fluorescence and phosphorescence
according to the electronic transitions involved in the emission process, has many applica-
tions ranging from the well-known fluorescent lamps to biotechnologies such as bioimaging
or biosensing. Fluorescent labels such as organic dyes, which are commonly being used
in bioapplications, often suffer from low brightness or low photostability, especially in
the far-red / near-infrared spectral range. This spectral range, comprising wavelengths
between 700 nm and 1700 nm, appears to be really attractive for bioapplications because of
minimum photodamage to samples and deep tissue penetration (up to 4 cm [1]). Therefore,
11
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there is a need to amplify the signal emitted by the emitters in order to improve detection
sensitivity and reach detection-levels down to the single-molecule.
The possible control of spontaneous emission is also of particular interest for several
other domains ranging from solid-state lighting to data communication and quantum
computing areas. Solid-state lighting, which is typically based on the use of semiconductor
Light-Emitting Diodes (LEDs), is currently replacing most of the light bulbs and compact
fluorescent tubes in lighting elements and is present in most of the displays of electronic
devices due to their low energy consumption and small sizes. With Haitz’s law predicting
an increase of the luminous flux per LED package by a factor 20 per decade [2], the aim is
today to investigate the possibilities to increase the quantum efficiency of the emitters
and achieve very bright LEDs and thus efficient light sources [3, 4]. The potential control
of spontaneous emission has also gained interest in the field of data communications,
where achieving very high modulation rates of emitters could lead to the substitution of
power consuming lasers by LEDs for short-range microchip communications. These high-
modulation rates could then also be beneficial for the development of Li-Fi and data transfer
via common household LEDs. Lastly, research towards quantum information technologies
has recently led to the need of single photon sources, requiring efficient single photon
emitters. For these applications, the stability of the emitters along with high quantum
yield and emission rate, high purity and indistinguishability [5] are required. While colour
centres in crystals, such as nitrogen-vacancies in nanodiamonds, or semiconductor quantum
dots (QDs) are the most promising types of emitters for such sources, these systems could
all benefit from the engineering of the spontaneous emission process in order to enhance
their capabilities.
In order to compensate for limitations and develop new technologies, one can take advantage
of the non-inherent character of the spontaneous emission properties of emitters. Indeed,
spontaneous emission based processes are strongly influenced by the local electromagnetic
environment in which the emitters are located. Therefore, the careful engineering of the
emitters’ surroundings enables the control of the spectral properties, directionality and
decay dynamics of the emitters. This can be achieved by placing the emitters in the
vicinity of suitably designed photonic or plasmonic structures. Photonic structures, such as
resonators, have shown their potential in the control of spontaneous emission thanks to high
quality factors (up to 106) owing to their low losses. These structures have nevertheless
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reached a frontier in their development due to diffraction, preventing the concentration
of the light below the diffraction limit and hence restricting the down-scaling of the
mode volumes (V ). This ultimately limits the enhancement of the spontaneous emission
rate of emitters (Fp) achievable with such structures since Fp ∝ 1/V . This fundamental
limit can however be compensated for by the use of plasmonic structures, with their
peculiar mode structure and ability to confine light on subwavelength scales leading to
high electromagnetic field enhancements. Despite the losses introduced by the presence
of the metal, plasmonic nanostructures have been shown to be able to strongly influence
the spontaneous emission properties of emitters placed in their vicinity by increasing
the excitation rates at the positions of the emitters, shaping their emission profiles or
modifying their radiative and non-radiative decay rates [6]. The modification of the decay
rate of the emitters owes to the alteration of the local density of electromagnetic states
(LDOS) of the system, corresponding to the number of electromagnetic states available to
the emitters to decay into. The large LDOS present in plasmonic structures thus favours
the relaxation of the emitters to the ground state, leading to high decay rates and emission
enhancement.
The influence of the LDOS on the spontaneous emission of emitters has also led to the
study of the influence of the electromagnetic environment on non-radiative processes, such
as energy transfers between emitters. In particular, Förster resonance energy transfer
(FRET), which is used to estimate distances between nearby emitters at the nanoscale, is
limited to distances of the order of a few nanometers and could notably benefit from signal
enhancement in order to extend its detection range. FRET is also of primary interest in
various processes and applications such as biosensing [7], organic photovoltaics [8] or light
sources [9], which could as well take advantage of engineered emission and decay rates.
In this context, constant advances in nanophotonics and plasmonics, joined with new
fabrication and characterisation techniques, have led to the possibility of engineering
materials and structures with tailored electromagnetic properties in order to suitably
control their interaction with light. From metallic films, nanoparticles and nanoantennas
to photonic/plasmonic crystals and cavities, the influence of the local environment on the
spontaneous emission properties of emitters is an ongoing field of investigation. Recently,
hyperbolic metamaterials, consisting of engineered composites constituted of metallo-
dielectric subwavelength unit cells, have emerged as a very flexible and powerful platform
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for spontaneous emission engineering as they provide a theoretically infinite LDOS ρ(ω)
thanks to the unique high-wavevector modes characteristic of their topology, yielding
ρ(ω) ∝ k3max. In practice, the upper boundary for high-wavevector modes supported by
hyperbolic metamaterials k3max is set by factors such as material losses and geometry,
leading to a finite LDOS.
This thesis particularly investigates the influence of a hyperbolic metamaterial comprised
of an array of gold nanorods on the spontaneous emission of emitters and energy transfer
processes between them. The inexpensive and relatively easy fabrication process of
nanorod-based hyperbolic metamaterials, using a self-assembled approach combined with
the ability to tune their geometrical parameters, allow their electromagnetic properties
to be tailored in a wide spectral range and over large areas. This geometry also provides
significant advantages with regard to the placing of the emitters inside the metamaterial.
In Chapter 2, the concepts of spontaneous emission and energy transfer as well as the
fundamentals of plasmonics, relevant to the work presented in this thesis, will be presented.
In Chapter 3, the main experimental and theoretical results, related to spontaneous
emission and energy transfer engineering, will be reviewed from the literature, covering
the various photonic and plasmonic electromagnetic environments used so far and their
advantages.
In Chapter 4, the experimental techniques used for the fabrication of the samples and
their optical characterisation will be discussed. In particular, the design of the TCSPC
system built in the scope of this thesis and the data analysis methods common to several
experimental studies developed in the following chapters will be described.
In Chapter 5, both an experimental and theoretical analysis of the process of spontaneous
emission in a nanorod-based hyperbolic metamaterial exhibiting non-local electromagnetic
behaviours will be presented. The decay dynamics of several emitters spanning the elliptic
and hyperbolic dispersion regimes of a nanorod-based metamaterial are shown to be
essentially dominated by the non-local response of the composite.
In Chapter 6, the spontaneous emission of various dyes inside a metamaterial-based planar
waveguide will be discussed. The importance of the mode structure in the enhancement of
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the spontaneous emission thanks to the coupling of the emitted light to the waveguided
mode supported by the metamaterial slab will be demonstrated.
In Chapter 7, the study of the spontaneous emission of a Ruthenium complex in different
electromagnetic environments including a nanorod-based metamaterial will be described.
Experimental enhancement of the spontaneous emission rate far beyond the predictions of
the standard electromagnetic local density of states description, typically employed for the
spontaneous emission enhancement analysis of dipolar transitions, have been obtained.
In Chapter 8, the process of non-radiative energy transfer between donor and acceptor
emitters in various plasmonic environments will be studied. By investigating the donor’s
emission dynamics and the free-space acceptor’s emission intensity, the FRET rate and
efficiency dependence on the modification of the local density of electromagnetic states
available for the emitters to decay is investigated.





This chapter presents an overview of the basic concepts of spontaneous emission and
energy transfer processes, followed by fundamental theory of plasmonic excitations such as
surface and localised modes. Finally, metamaterials and their optical properties will be
discussed, introducing the concept of non-local optical response in plasmonic nanorod-based
metamaterials.
2.1 Spontaneous emission
Spontaneous emission is defined as the process by which a quantum emitter transitions
from an excited state to a lower energy state by releasing energy in the form of a photon.
This process can be in the simplest case approximated to a two-level system; E1 (ground
state) and E2 (excited state) as shown in Figure 2.1; where the emitter in its excited state
E2 may spontaneously decay to the lower energy state E1 by emitting a photon of energy
equal to the difference in energy between the two states, such as
E2 − E1 = ~ω (2.1)
16
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where ω is the angular frequency of the photon and ~ is the reduced Planck constant. The
resulting photon is emitted in a random direction and has a random phase.
Figure 2.1: Diagram of a two-level system.
Before being able to relax to its ground state, the emitter undergoes a process of absorption
of energy, which can be of different nature regarding the energy source considered. In the
case of photoluminescence, the energy is provided by the absorption of photons by the
material, promoting electrons to an excited state. Due to the instability of these excited
states, the electrons then undergo a transition back to the ground state along with the
emission of photons.
The energy levels and various transitions occurring in the absorption and emission processes
of organic fluorophores are classically represented by a Jablonski diagram as shown in
Figure 2.2. S0, S1 and S2 respectively represent the singlet electronic ground state, first
and second electronic excited state, while T1 is the first electronic triplet excited state.
Each of these electronic states are constituted by several vibrational energy levels, which
the excited emitter can occupy (the rotational energy sublevels are not shown). The
phenomenon of photoluminescence can be divided into two different processes: fluorescence
and phosphorescence, respectively involving relaxation of an emitter from a singlet or
triplet excited state. The various types of transitions are depicted by different styles of
arrows and will be explained in more details in the following subsections.
2.1.1 Excitation
Photoluminescence occurs after absorption of electromagnetic radiation by an emitter [11].
During absorption of a photon, one of the electron of the emitter undergoes a transition
from the ground state (S0) to one of the vibrational energy levels of an excited singlet
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Figure 2.2: Jablonski diagram. (adapted from [10])
electronic state (S1 or S2). This transition occurs without spin flip of the promoted
electron and the time required for this transition is typically of the order of 10−15 seconds.
The absorption of a photon can promote the emitter to any of the vibrational or rotational
levels of an excited state. Each of these different levels will be represented by a peak in
the absorption spectrum of the emitter. However, as depicted in Figure 2.3 for Rhodamine
6G, the absorption spectrum of a fluorophore in solvent will most likely appear as a broad
absorption peak with smeared out features, resulting from the broadening of the individual
peaks due to the interaction between the solvent and the emitters.
2.1.2 Relaxation
Fluorescence. In the case of fluorescence, the emitter stays in the excited state for
periods of the order of nanoseconds (10−9 − 10−7 seconds) before relaxing to one of the
vibrational energy levels of the ground state S0 by emitting a photon. Prior to the emission
of a photon, the emitters will most likely be subjected to a non-radiative relaxation to the
lowest vibrational energy level of the first excited state. This non-radiative relaxation can
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Figure 2.3: Normalised absorption and emission of Rhodamine 6G.
take place from vibrational levels of high energies to the lowest vibrational level of the
same state and is called vibrational relaxation, while the process of de-excitation between
excited states (S2 → S1) is called internal conversion. This process is possible thanks to
a high coupling between the vibrational levels of these two singlet energy states due to
the overlap of some of their vibrational energy levels and generally occur within 10−13 to
10−11 seconds [12].
Exactly as the absorption process, the relaxation process can occur from the lowest
vibrational energy level of the first excited state to any of the vibrational or rotational
levels of the singlet ground state. Hence, the emission spectrum of a given emitter also
exhibits broad features. Due to the rapid vibrational relaxation of the emitter to the lowest
vibrational level of the first singlet excited state after excitation and the relaxation to one
of the higher vibrational level of the singlet ground state, the emitted photon typically
has lower energy than the corresponding absorbed photon. This typical red-shift of the
emission was first observed by Sir G. G. Stokes, and named after him as the Stokes shift.
The very similar organisation of the vibrational levels of the singlet ground and excited
state leads to an emission spectrum which is the mirror-image of the absorption spectrum.
Intersystem crossing, phosphorescence and delayed fluorescence. The fluores-
cence emission process also competes with various other de-excitation pathways, involving
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triplet excited states. For instance, emitters in the first singlet excited state can undergo
transitions to a vibrational level of the triplet excited state of equivalent energy, via a
process called intersystem crossing. This transition involves spin inversion, as singlet
and triplet states have different multiplicities. It is important to note that these transi-
tions between energy levels of different multiplicities are theoretically forbidden due to
the existence of selection rules and in particular, the spin selection rule [13]. However,
this rule, derived from quantum mechanical calculations, does not take into account the
interactions between electrons and nuclei in a molecule. These interactions, known as
spin-orbit coupling, induce a mixing of the singlet and triplet states, leading to par-
tially allowed transitions between states of different multiplicities. Intersystem crossing
is particularly favoured in the presence of atoms having high atomic masses, leading to
increased spin-orbit coupling (heavy atom effect). Following intersystem crossing, emitters
in high vibrational energy levels will undergo vibrational relaxation and relax back to the
lowest vibrational energy level of the excited triplet state. Due to the fact that the lowest
vibrational level of the triplet state is lower than that of the singlet state, emitters are
theoretically trapped in this state before relaxation. Relaxation from the excited triplet
state to the ground singlet state can then take place either non-radiatively or with emission
of a photon via phosphorescence. In the case of radiative emission via phosphorescence,
this partially allowed transition, due to spin-orbit coupling, results in excited lifetimes
orders of magnitude longer than fluorescence lifetimes (10−6− 100 seconds). This emission
typically occurs at longer wavelengths than fluorescence. Alternatively, emitters can relax
to the ground state via a process called delayed fluorescence, where the electron in the
triplet excited state transitions back to the singlet excited state. This transition can occur
as thermally activated delayed fluorescence, if the energy difference between the excited
singlet state (S1) and the excited triplet state (T1) is small and the lifetime of the triplet
excited state is long; or as triplet-triplet annihilation, where the collision between emitters
can provide enough energy for one of them to transition back to the excited singlet state.
The emitter in the excited singlet state will then relax to the ground state by emission
of a photon having the same spectral characteristics as the photon emitted during the
conventional fluorescence process, but a longer lifetime.
Non-radiative relaxation processes. Several non-radiative relaxation processes can
also take place, leading to a decrease in the fluorescence intensity. Different types of
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molecular interactions, such as complex formations, energy transfer mechanisms or colli-
sional quenching, can lead to static or dynamic quenching. Static quenching occurs due to
the formation of a non-fluorescent complex between the emitter and the quencher in the
ground-state. When the complex absorbs light, it immediately relaxes back to the ground
state without emitting a photon. Unlike static quenching happening in the ground-state,
dynamic quenching is an excited-state process. Dynamic quenching mechanisms can
occur upon contact between the emitter and the quencher, known as collisional quenching.
Typical collisional quenchers of fluorescence are for instance molecular oxygen [14, 15] and
heavy ions such as iodide [16]. Another type of dynamic quenching occurs via non-radiative
energy transfer and is known as Dexter energy transfer [17, 18]. Dexter energy transfer
consists in a transfer of an excited-state electron from the donor to the excited-state of
the acceptor. The acceptor then transfers a ground-state electron back to the donor. This
interaction, resulting from intermolecular orbital overlap, is only possible at very short
distances (typically 10Å). Another type of non-radiative energy transfer, Förster resonance
energy transfer (FRET), will be discussed in more details in section 2.2.
2.1.3 Quantum yield and fluorescence lifetime
As mentioned in the previous section, the average time a fluorophore spends in the
electronically excited state after absorption of a photon is a characteristic property of an
emitter and is known as the fluorescence lifetime τ . τ is defined as the inverse of the sum





where Γr and Γnr are respectively the radiative rate constant and the non-radiative rate
constant.
In the absence of non-radiative processes, a natural (or radiative) lifetime τ0 = Γ
−1
r can be
defined and related to the fluorescence lifetime via another characteristic property of a
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The quantum yield represents the ratio of the number of photons emitted to the number
of photons absorbed.
2.2 Energy transfer
The second important process to be described in this chapter is Förster Resonance Energy
Transfer (FRET). FRET has been mostly used in fluorescence applications in the field of
biotechnologies, where the aim is to study biological structures. FRET, often characterised
as the ”spectroscopic ruler” [19], allows the estimation of distances between two sites in a
macromolecule at the nanometer scale, where the resolution in conventional fluorescence
microscopy is limited by the spatial resolution (approximately 200 nm), which is defined
by the Rayleigh criterion [20] r = (0.61λ)/(n sinθ) = (0.61λ)/NA with λ the wavelength
and n sinθ the numerical aperture (NA) of the microscope objective used. FRET also
constitutes an interesting technology for other domains of research, such as organic lighting
sources [9], photovoltaics [8, 21] or sensing [7, 22].
FRET is a non-radiative process between two fluorophores, a donor (D) and an acceptor
(A), where the donor in its excited state may transfer its excitation energy to the nearby
acceptor in the ground state. This transfer is ensured by long-range intermolecular dipole-
dipole coupling [23], that is to say that an emitter is considered as an oscillating dipole
able to exchange energy with another dipole of similar frequency. Figure 2.4 represents
a simplified Jablonski diagram showing the transitions involved in the energy transfer
process. Absorption and emission transitions are represented by solid blue, green and
red arrows, while vibrational relaxations between electronic states are shown with wavy
purple arrows. The transitions actually affected by the presence of an energy transfer are
represented by dashed lines. In the presence of a neighbouring acceptor, the donor is able
to transfer its excited state energy to the acceptor at a rate of energy transfer kT , which
will be described later. It is important to emphasize that the transfer is non-radiative as
the donor does not emit any photon while returning to the ground state and the acceptor
does not absorb one.
The first experimental observations of energy transfer over larger distances than collision
radii were made in 1922 by Cario and Franck [24], where they observed emission from
thallium in a mixture of mercury vapor and thallium vapor upon excitation of the mercury















Figure 2.4: Simplified Jablonski diagram for FRET. (Adapted from [10])
atoms. This phenomenon, known as ”sensitized fluorescence”, was then observed for
molecules in solution by J. Perrin and Choucroun [25]. Several important theoretical
developments by Kallmann, London, J. Perrin, and F. Perrin paved the way for Theodor
Förster’s contributions on energy transfer theory [26]. In 1925, J. Perrin was the first to
formulate a theory on energy transfer between molecules in condensed solvents based on the
principles of classical physics. His model of two dipoles oscillating at the same frequency,
in which it was assumed that molecules separated by a small enough distance could
non-radiatively transfer energy to each other, resulted in a rate of energy transfer kT (r)
dependent on the cube of the distance r between the molecules, leading to an overestimation
of the range of possible energy transfer. A few years later, in 1928, Kallmann and London
first proposed a quantum mechanical theory to explain the energy transfer between atoms
in the vapour phase at longer distances than their collisional radii. This study led to the
correct dependence of the energy transfer rate kT (r) on the distance r between atoms,
kT (r) ∝ r−6. With the help of Kallmann and London work, in 1932, F. Perrin then
developed a quantum mechanical model for transfer energy between molecules in solution.
The results in terms of distance dependence of the energy transfer were however the
same as those from J. Perrin. Whereas the dependence of the energy transfer on the
separation between donor and acceptor was not unanimously defined as the time, all
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theories predicted the existence of a distance between donor and acceptor at which the
probability of relaxation via energy transfer was equal to the probability of relaxation by
all other decay pathways, later defined as Förster radius [27].
The main contribution of Förster in the development of the energy transfer theory arises
from the connection of the energy transfer rate with data that can be obtained experi-
mentally [27]. As will be developed below, Förster’s theory of energy transfer includes
several experimental datasets such as absorption and emission spectra, quantum yields
and emission lifetimes. The next section will describe the final results of Förster’s theory
for energy transfer.
2.2.1 Theory of FRET
As mentioned above, the theory of FRET is based on the concept of an emitter as an
oscillating dipole, which can exchange energy with another dipole with a similar resonance
frequency [28]. Considering a single donor and acceptor separated by a distance r, the












where QD is the quantum yield of the donor in the absence of the acceptor, n is the
refractive index of the medium in which the molecules are, NA is the Avogadro’s number,
r is the distance between the donor and the acceptor, τD the lifetime of the donor in the
absence of acceptor and εA is the extinction coefficient of the acceptor at λ (in mol
−1cm−1).
λ represents wavelengths expressed in nm.
Two parameters in equation 2.4 remain to be explained. The first one, FD, is the





where fDλ(λ) is the donor fluorescence per unit of wavelength interval and the integral
extends over the relevant donor emission range.
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Lastly, κ2 represents an orientation factor with
κ = ~d.~a− 3(~d.~r)(~r.~a) = cosθT − 3cosθDcosθA (2.6)
where θD is the angle between the donor emission transition moment and the line connecting
the donor and acceptor, θA is the angle between the acceptor absorption transition moment
and the line connecting the donor and acceptor and θT is the angle between the donor
emission transition moment and the acceptor absorption transition moment. The angles
are illustrated in Figure 2.5. κ2 can vary between 0 and 4. Three characteristic orientations
of the dipoles are shown in Figure 2.5. In the case of random distribution of orientations,
known as dynamic random averaging, κ2 is equal to 2/3.
Figure 2.5: Dependence of κ2 factor on orientation of the transition dipoles




4dλ in equation 2.4 represents the overlap integral J(λ)
between the emission spectrum of the donor and the absorption spectrum of the accep-
tor as shown in Figure 2.6. Considering the units chosen above, J(λ) is expressed in
mol−1cm−1nm4.
Equation 2.4 can also be written in terms of distances between donor and acceptor by
introducing the parameter R0, the Förster radius, corresponding to the distance between
the donor and acceptor at which the efficiency of energy transfer is equal to 50%. In other
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 Overlap
Figure 2.6: Overlap between the emission spectrum of the donor and the
absorption spectrum of the acceptor.
words, R0 corresponds to the distance at which the probabilities of spontaneous decay
of the excited donor and energy transfer are equal [13]. This distance is typically of the
order of 10 to 70 Å [13] and is specific to each pair of donor-acceptor molecules. Using
this value R0 and the fluorescence lifetime of the donor in absence of the acceptor τD, the









where r is the distance between the donor and acceptor.
Considering r = R0, equation 2.7 becomes kT (r) =
1
τD







which can be simplified as (in Å)
R60 = 8.79× 10−5(QDκ2n−4J(λ)) (2.9)
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The efficiency of energy transfer, which represents the fraction of the photons absorbed by
the donor which are transferred to the acceptor is given by
E =
kT (r)













As depicted in Figure 2.7, the efficiency of energy transfer highly depends on the distance
between donor and acceptor. The energy transfer efficiency rapidly increases for separation
distances below the Förster radius R0, to almost reach 100% when r = R0/2. Hence,
shorter distances than r = R0/2 cannot be reliably determined. Contrarily, the efficiency
drops for distances greater than R0 to reach only 1.5% at r = 2R0 making it impossible to







































Figure 2.7: FRET efficiency in function of distance r between the donor and
acceptor. R0 is the Förster radius.
It is possible to determine the efficiency of energy transfer using fluorescence spectroscopy
or time-resolved fluorescence measurements. To do so, either the relative fluorescence
intensities (FD and FDA) or the lifetimes (τD and τDA) of the donor in respectively absence
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and presence of the acceptor are needed as shown in Equation 2.11.
E = 1− FDA
FD
(2.11a)
E = 1− τDA
τD
(2.11b)
Equations 2.11a and 2.11b are valid only for a fixed distance between donor and acceptor
pairs and not random dispersion of molecules in solution. Fixed distances between donor
and acceptor pairs can for instance be achieved by using double-stranded DNA linkers.
This method will be discussed in chapter 8. Also, in the case of multi-exponential decays
of the donor, the use of an average lifetime taking into account the amplitudes of the




αj with αj and
τj the amplitude and the lifetime of the j
th component. These multi-exponential decays
can arise from the presence of more than one distance between the donor and acceptor
pairs or from a complex electromagnetic environment surrounding the molecules.
To summarise this section with a practical point of view, FRET allows the study of
molecular processes with subnanometer resolution [29] but it is essential to remember the
four major criteria that need to be satisfied in order for FRET to occur and on which the
energy transfer rate depends:
• a reasonably high quantum yield (QD) of the donor and the absorption coefficient
(εA) of the acceptor;
• a spectral overlap between the donor emission spectrum and the acceptor absorption
spectrum;
• a relative orientation of the transition dipole moments of the donor and acceptor
leading to κ2 6= 0;
• a distance between the donor and acceptor between 0.5R0 and 2R0, with R0 typically
in the range of 10 to 70 Å.
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2.3 Plasmonics
All the processes described in the previous sections are highly dependent on the electromag-
netic environment in which the emitters are located and the control of both spontaneous
emission or energy transfers has been shown to be extremely useful for many types of
applications. In particular, plasmonic structures offer interesting electromagnetic prop-
erties allowing the modification of emission intensities or decay rates of emitters. This
section describes the fundamental concepts of plasmonics and introduces the properties of
hyperbolic metamaterials.
2.3.1 Optical properties of metals and Drude-Lorentz model
Metals are described as good conductors of heat and electricity and are characterised by the
high density of free electrons they contain, typically of the order of 1028−1029 electrons/m3
[30], originating from the valence electrons of the metal atoms [31]. In order to characterise
their optical properties, metals can be considered as a plasma, constituted of a neutral gas
of free electrons moving around immobile positively charged ion cores. This approach is
valid over a wide range of frequencies, particularly for alkali metals, but will be limited
for other metals, due to several factors such as interband transitions, damping and losses
[31, 32]. When subjected to an electromagnetic field E, the free electrons oscillate in
response to the applied field and their motion can be described as damped oscillators due
to collisions occurring at a frequency γ = 1/τ (damping rate), where τ is the relaxation
time of the free electron gas. This model is known as the Drude-Lorentz model and
the equation of motion associated with an electron of the plasma upon excitation by an








where e and me are the charge and the effective mass of the electron and r is the electron
displacement. This equation does not include any restoring force as the electron is
considered as a free electron. If we assume a harmonic time dependence of the external
field such as E(t) = E0e
iωt, with E0 and ω are the amplitude and the angular frequency
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In the case of the charges motion, the polarisation of the medium induced by the electric
field, which describes the density of electric dipole moment per unit volume inside the





The application of an electric field E(t) to a medium leads to the motion of the free charges,
which can be characterised by the dielectric permittivity ε and the electric displacement
field, expressed as





where ε0 is the permittivity of free space and εr is the relative permittivity of the material.















ωp is known as the bulk plasma frequency of the free electron gas, which depends on the
density of free electrons and the effective mass of an electron. Therefore, ωp is different for
each metal.
In the case of negligible damping (γ ' 0), equation 2.16 can be simplified as





It can be shown that ωp represents a cut-off angular frequency between the high reflectivity
of the metal for ω < ωp (εr is negative) and a region where the metal is transparent for
ω > ωp (εr is positive) [31], where the electron gas is not able to respond collectively to
the applied field.
The Drude-Lorentz model correctly represents the properties of metals at low frequencies
but fails at higher frequencies due to interband effects, where electrons from bands below
the Fermi level, corresponding to the energy level with 50 % probability of being occupied
by electrons at a finite temperature, can be promoted to the conduction band. These
effects are related to the excitation of bound electrons of the filled bands, which translate
into increased damping and therefore an increase of the imaginary part of the dielectric
permittivity of the metal [31–33].
The next sections will be dedicated to surface modes such as surface plasmon polaritons
and localised surface plasmons present in specific multilayer systems.
2.3.2 Surface modes
As discussed in section 2.1, an emitter in a homogeneous environment decays to the
ground state radiatively and emit a photon, or non-radiatively due to various processes
such as quenching or energy transfer. However, in the case where the emitter is placed
close to an interface between two media of different refractive indices or in a stratified
medium, the relaxation process is modified and new decay channels are introduced. The
emitter may then not only relax to the ground state by the emission of a photon but
also by coupling to electromagnetic surface modes introduced by the presence of the
modified electromagnetic environment. This coupling to surface modes strongly depends
on the geometrical parameters of the system but also on the electromagnetic properties of
the materials constituting it. In optimised conditions, this coupling could represent the
principal relaxation mechanism of the emitters.
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2.3.2.1 Brief history of surface modes and the beginnings of plasmonics
The study of surface waves began at the start of the 20th century with the separate
mathematical studies of Zenneck, in 1907 [34], about the propagation of radio waves along
the surface between two homogeneous media of different conductivities and dielectric
constants; and Sommerfeld, in 1909 [35], with the study of the radiation of a vertical
dipole at the surface of a finite conductivity ground. It is also at the start of the 20th
century that the first experimental demonstration of surface waves in the visible range of
the electromagnetic spectrum took place. In 1902, Wood, unaware of the phenomenon
he was observing at the time, noticed a drop in the reflected intensity from a metallic
diffraction grating at specific wavelengths and this only for TM-polarised light [36]. These
observations were only later explained by Rayleigh [37] and related to Sommerfeld’s work
by Fano in 1941 [38]. In 1957, Ritchie theoretically studied electron energy losses in thin
metallic foils and showed some of the losses were due to excitation of plasma oscillations
at the surface of the metals [39]. This is thought to be the first theoretical description
of so-called surface plasmons. It is only in 1968 that he then related surface plasmon
resonances to Wood’s work on the metallic gratings [40]. It is also in 1968 that the two
main first experiments of the field of plasmonics were performed by Otto [41] and the pair
Kretschmann and Raether [42], who demonstrated two methods to observe the excitation
of surface plasmons at the interface between a metal and a dielectric using total internal
reflection, methods which are still currently being used for various sensing applications.
2.3.2.2 Surface Plasmon Polaritons
A surface plasmon polariton (SPP) is an evanescent electromagnetic surface wave propagat-
ing at the interface between a metal and a dielectric medium, resulting from the coupling
of the electromagnetic field of the incoming light to the collective oscillations of electrons
at the metal interface. These surface charge-density oscillations lead to strongly enhanced
near-fields, which are confined to the metallo-dielectric interface and whose amplitudes
decay exponentially with increasing distance from the interface. This makes SPPs very
sensitive to surface conditions and largely used for sensing applications [33, 43].
The theoretical model for SPPs can be derived from the Maxwell’s equations. SPPs can
be described by finding the propagating waves’ solutions satisfying the wave equation at
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the smooth interface between two semi-infinite half-spaces of different dielectric constants,
using the boundary conditions of continuity of the tangential components of E and H as
well as the normal component of the electric displacement field D across the interface.
Figure 2.8 shows the system considered consisting of a planar interface (z = 0) between a
dielectric (region 1, for z > 0) of dielectric constant ε1 and a metal (region 2, for z < 0) of
dielectric constant ε2(ω). Using the Maxwell-Faraday’s and the Maxwell-Ampère’s laws
in the absence of external charge and current densities, a system of six equations can be
derived in order to deduce explicit expressions of the electric field E and magnetic field H.
If a harmonic time dependence of the electric field E is assumed and considering waves
propagating in the positive x-direction and homogeneity in the y-direction, this system of
equations can be separated into two sets of solutions with different polarisations of the
propagating waves: transverse magnetic (TM) modes having only Hy, Ex and Ez non-zero
components and transverse electric (TE) modes having only Ey, Hx and Hz non-zero
components. This leads to two expressions of the wave equation for TE and TM modes
respectively. Only TM-polarised modes will be considered in the following derivations as
it can be shown that surface-plasmons do not exist for TE-polarised modes [32].
Figure 2.8: Schematic of a metal-dielectric interface.
Solving the wave equation for TM-polarised waves lead to the dispersion relation for SPPs
at a single, flat interface between a dielectric and conductor:
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Finding solutions that are propagating waves bound to the surface require having a real
in-plane component of the wavevector kx along x and the normal components of the
wavevector purely imaginary in both media, leading to solutions decaying exponentially.
From equations 2.19 and 2.20, this can be achieved only in the case where the real part of
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Figure 2.9: SPP dispersion at a gold/air interface using the lossless Drude
model. The bulk plasma frequency for gold is ωp = 1, 37.10
16 rad/s.
Using the dielectric permittivity of gold given by the lossless Drude model (Equation 2.16),
with a bulk plasma frequency of gold ωp = 1, 37.10
16 rad/s and the dispersion relation
given by Equation 2.19 for a gold/air interface, the SPP dispersion curve plotted in Figure
2.9 can be obtained. The blue and grey lines respectively represent the light-lines in air
(kx = ω/c) and in glass (kx = εglassω/c with εglass = 1.5
2). The SPP dispersion shows
two branches at low-energies and high-energies separated by a greyed area between the
characteristic lines ~ωsp and ~ωp representing an energy range for which the values of kx
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are purely imaginary and hence the wave is not propagating. ωsp is the asymptotic surface





with in the case of air ε1 = 1.
The high-energy branch for ω > ωp corresponds to the so-called Brewster mode, where
the z-component of the wavevector is not only imaginary but also has a real part. In this
case, the considered wave is not bound to the surface and radiates into the metal. Finally,
the low-energy branch, where kx has a real part and kz is purely imaginary, account
for the propagation of surface plasmon polaritons. For low energies, the SPP dispersion
curve follows the light-line in air, while at energies approaching ~ωsp, the difference in
wavevectors increases, showing the coupling between electromagnetic wave and the surface
charge oscillations. It is also worth noting that the wavevector of the SPP is always
greater than the wavevector of a free space photon, meaning that SPPs can not be excited
by incident light on the metal surface. Several techniques such as prism coupling or
grating coupling are available to compensate for this momentum mismatch and increase
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Figure 2.10: Dielectric permittivity of gold and dispersion relations of surface
plasmons at a gold/air interface. (a) Dielectric constant of gold calculated from the
Drude model with ωp = 1, 37× 1016 rad/s and γ = 1, 0027× 1014 s−1 and values from
Johnson and Christy [44], (b) Dispersion relations of SPPs using the dielectric constants
of gold represented in (a).
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The dispersion curve shown in Figure 2.9 considered an ideal metal with ε′′2(ω) = 0.
However, real metals suffer from losses and damping, leading to a complex value of the
dielectric permittivity and hence, a complex value of the SPP dispersion relation. The
SPP is then characterised by a propagation length L = (2 Im[kSPP ])
−1, where Im[kSPP ]
is the imaginary part of kSPP (equation 2.19). To highlight the effects of the losses and
damping in the system, Figure 2.10b shows the calculated dispersion curve of a SPP
propagating at a gold/air interface using both the full Drude model and values of the
dielectric permittivity of gold from Johnson & Christy [44] represented in Figure 2.10a.
Compared to the undamped case of Figure 2.9, there is now the existence of a finite
value of kx at the surface plasmon frequency and existence of propagating waves solutions
between ωsp and ωp.
It is also important to note that in a more practical realisation, if a three-layer system
consisting of a metallic film on a dielectric substrate and surrounded by air is considered,
both the air/metal and the metal/substrate interfaces can support SPPs. Coupling between
these two SPPs is then possible when the thickness of the metallic film becomes comparable
to the electric-field decay lengths, leading to mode hybridisation [33].
2.3.2.3 Localised surface plasmons
Interactions between an electromagnetic field and free electrons in a metal can also occur
in the case of small metallic nanoparticles, where their diameter d is small compared to
the wavelength of the incident light λ. Under specific conditions, the electron cloud of the
nanoparticle can be resonantly excited giving rise to so-called localised surface plasmons
(LSPs), which, as opposed to SPPs, are non-propagating excitations of the conduction
electrons of metallic subwavelength nanostructures coupled to an electromagnetic field
[32].
In order to examine the properties of LSPs, the most straightforward nanostructure to
consider is a subwavelength metallic sphere. In the presence of a time-harmonic electric
field, the mobile cloud of conduction electrons undergo a displacement relative to the
nuclei, creating a dipolar surface charge distribution within the particle as represented in
Figure 2.11. This leads to a restoring force originating from Coulomb attraction between
electrons and nuclei resulting in resonant oscillations of the electron cloud at a frequency
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dependent on various factors such as the size and shape of the nanoparticle as well as its
dielectric function and the surrounding environment [45–47].
Figure 2.11: Charge distribution for a metallic nanosphere under the presence
of an external electric field.
Considering a homogeneous metallic sphere of radius r and dielectric permittivity ε2(ω)
placed in an isotropic dielectric medium of dielectric permittivity ε1, the applied electric
field E induces a dipole moment inside the sphere defined as
p = ε1αE (2.22)





The polarisability shows a resonance behaviour when |ε2(ω) + 2ε1| is a minimum, which in





The theory existing for spherical particles can be extended to some other non-spherical
shapes, such as ellipsoids with semiaxes a, b and c [48, 49]. The polarisability of such
particles along each axes (m = a, b, c) is given by
αm(ω) = ε0
ε2(ω)− ε1
ε1 + Lm(ε2(ω)− ε1)
V (2.24)
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where V is the volume of the ellipsoid such as V = 4π3 abc, Lm is a geometrical factor









(q + a2)(q + b2)(q + c2) and which satisfies
La + Lb + Lc = 1.
Figure 2.12: Schematic of (a) a spherical nanoparticle with a = b = c and (b) a prolate
spheroid of principal axis a and minor axes b = c.
A particular class of ellipsoids which is particularly interesting in this work is prolate
spheroids, where the two minor axes are equal (b = c) and a is the principal axis as
illustrated in Figure 2.12. The geometrical factors (respectively parallel and perpendicular




















Spheroidal metal nanoparticles exhibit two distinct LSP resonances respectively correspond-
ing to the oscillations of the free electrons along and perpendicular to the principal axis
of the ellipse. This treatment is particularly useful to study highly anisotropic materials,
such as plasmonic nanorod-based metamaterials, where the individual particles can be
considered as prolate spheroids with high aspect ratios (a >> b) as will be seen in section
2.3.4.
2.3.3 Metamaterials
Due to the large number of applications of metamaterials which have been developed over
the years, several definitions of what metamaterials are can be found in the literature.
Taken from reference [51], ”a metamaterial is an artificially structured material which
attains its properties from the unit structure rather than the constituent materials. A
metamaterial has an inhomogeneity scale that is much smaller than the wavelength of
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interest, and its electromagnetic response is expressed in terms of homogenized material
parameters.”. This definition will be further explained in the next sections.
It is more than 30 years after Veselago’s prediction [52] and shortly after Sir John
Pendry’s theoretical work on negative permittivity [53] and permeability [54] that the
first experimental validation of an artificial left-handed material was performed by Smith
et al. [55–58] in the microwave range of the electromagnetic spectrum. This material,
constituted of split-ring resonators capable of producing negative magnetic permeability
and wires to produce a negative dielectric permittivity over an overlapping frequency range,
induces refraction in the opposite direction to normal refraction. This work, along with the
theoretical work of Sir John Pendry on the so-called perfect lens made of a slab of negative-
refractive index material [59], allowing resolution beyond the diffraction limit, marked the
beginning of a rapidly developing field. Today’s research in metamaterials has expanded
to new applications in the microwave regime such as cloaking [60] or thermophotovoltaic
applications [61], but also in new frequency ranges from the infrared [62–66] and near-
infrared [67–69], to the visible [70–73] and the ultraviolet, taking advantage of new
fabrication techniques in order to achieve smaller unit cell sizes.
Metamaterials are also commonly defined as engineered materials with electromagnetic
properties which cannot be found in nature and are typically constituted of subwavelength
building blocks, or meta-atoms. Analogous to how conventional materials and their
properties at the macroscopic scale are defined by the assemblies of atoms they consist of,
the electromagnetic properties of metamaterials arise from the composition of the meta-
atoms, their spatial arrangement and the interaction between them. Hence, these materials
can be described using an effective medium theory, which is detailed in section 2.3.4.3. In
the visible and near-infrared spectral ranges, the combination of dielectric materials and
metallic structures supporting surface plasmons excitations, as described in section 2.3.2.2,
allow to precisely control the electromagnetic response of the metamaterial over a broad
wavelength range and achieve desired properties. Many different geometries including
split-rings resonators, fishnets, metallo-dielectric multilayers or nanorod assemblies have so
far been designed and used for various applications such as sensing [74, 75] or subdiffraction
imaging and nanolithography [76].
Among these materials, a sub-class of metamaterials, called hyperbolic metamaterials
(HMMs), has emerged at the forefront of research in the field. These metamaterials are
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uniaxial anisotropic metamaterials with electromagnetic properties that can be described







where the in-plane components are equal εxx = εyy = ε⊥ and of opposite sign from the
out-of-plane component εzz = ε‖. Note that HMMs can also have an anisotropic magnetic
tensor µeff but in this case we will focus only on electric HMMs with µ‖ = µ⊥ > 0. The
dispersion relation for such materials 2.26b in the case of transverse magnetic (TM) waves
























where kx, ky and kz are respectively the x, y and z components of the wavevector, ω is
the angular frequency and c the speed of light in vacuum.
From equations 2.26 it can be seen that as opposed to isotropic media or anisotropic media
with positive components of the effective dielectric permittivity, respectively exhibiting
closed spherical (Figure 2.13a) or elliptical (Figure 2.13b) isofrequency surfaces, HMMs
exhibit opened hyperboloid-shaped isofrequency surfaces. This leads to the presence of
high-wavevector states, evanescent in conventional media, and a theoretically infinite local
density of electromagnetic states. With regard to the number of negative components in
the effective dielectric permittivity tensor, two different cases depicted in Figure 2.13c and
2.13d can then be distinguished where the hyperboloid is a double sheet, in the case of a
type I HMM with εxx = εyy > 0 and εzz < 0, and a single sheet for a type II HMMs with
εxx = εyy < 0 and εzz > 0.
Practical realisations of HMMs require the use of metallo-dielectric building blocks, as
opposite signs of the components of the effective dielectric permittivity imply the material
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Figure 2.13: Isofrequency surfaces for different types of media given by ω(k) =
constant. (a) Spherical isofrequency surface for an isotropic material with εxx = εyy =
εzz > 0, (b) Elliptical isofrequency surface for a uniaxial material with 0 < εxx =
εyy < εzz, (c) Hyperbolic isofrequency surface for a uniaxial hyperbolic material of type
I (εxx = εyy > 0 and εzz < 0) , (d) Hyperbolic isofrequency surface for a uniaxial
hyperbolic material of type II (εxx = εyy < 0 and εzz > 0).
combines the properties of dielectric materials in one direction and those of reflective
metals in the perpendicular direction [77, 78], leading to extreme anisotropy. This can
be achieved for instance by designing metallo-dielectric multilayers with sub-wavelength
thicknesses or metallic nanorod arrays in a dielectric matrix as represented in Figure 2.14
[79, 80]. The optical properties of these HMMs can typically be tuned from the ultraviolet
spectral range to the mid-infrared by choosing appropriate materials [81]. Metals are
required to exhibit good metallic properties in the wavelength range considered, whilst
having low losses. This can be achieved by choosing metals with large absolute values
of the real part of their dielectric permittivity and small values of the imaginary part,
determining losses. While aluminium is used for applications in the ultraviolet spectral
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range, metals such as silver or gold can be used in the visible spectral range, in conjunction
with appropriate dielectrics such as aluminium oxide or higher refractive index materials
such as titanium oxide or silicon nitrides [80]. Gold has also been shown to be applicable
for nanorod-based hyperbolic metamaterials in the near-infrared wavelengths range [82].
However, in the case of metallo-dielectric multilayers, the high reflectivity of conventional
plasmonic metals in the near-infrared spectral range causes high-impedance mismatch and
thus low transmission [80, 81]. Therefore, research towards alternative plasmonic materials
for this spectral range, such as oxides and nitrides, has emerged [83, 84].
Figure 2.14: Two types of hyperbolic metamaterials. (a) Subwavelength metallo-
dielectric multilayers, (b) Nanorod-based hyperbolic metamaterial. (from [85])
Historically, hyperbolic media were first investigated in the 1960s with the study of
anisotropic plasmas and the predictions of negative refraction and planar focusing [86].
More recently, the high sensitivity of these composites to the local dielectric environment has
led to their implementation as ultra-high sensitivity biosensors [74], hydrogen sensors [75]
and ultrasound sensors [87]. The large density of photonic states available in hyperbolic
dielectric environments constitutes a major advantage in their ability to enhance the
spontaneous emission rate of emitters located in their vicinity via the Purcell effect [88–96].
In comparison with the well-known techniques involving cavities [97] or photonic crystal
structures [98], the use of metamaterials for controlling spontaneous emission can lead to
a broadband and frequency tunable enhancement of the spontaneous emission rate up to
about 100 times, useful for biosensing and bioimaging applications or the development of
bright and fast sources. The state of the art of the control of spontaneous emission using
plasmonics will be developed in Chapter 3.
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2.3.4 Plasmonic nanorod metamaterials
2.3.4.1 Geometrical properties
Nanorod-based metamaterials consist of quasiperiodic arrays of metallic nanorods oriented
perpendicularly to a supporting substrate, as represented in Figure 2.14b and shown in
the SEM images of Figure 2.15. The metallic nanorods are fabricated using electrode-
position into porous anodised aluminium oxide (AAO) templates, which are formed by
self-organisation of subwavelength pores during the anodisation of a thin aluminium film.
These processes will be described more details in Chapter 4. By controlling the dimensions
of the pores in the template as well as the electrodeposition conditions, it is possible to
control the geometry of the nanorods. The diameter and inter-rod spacing of the nanorods
can vary respectively in the range of 20− 80 nm and 40− 100 nm, while their length can
be varied from tens to several hundreds of nanometers, depending on the thickness of the
AAO template and the electrodeposition time [99, 100].
Figure 2.15: Nanorod metamaterial. (a) Top view and (b) tilted view of nanorod-
based hyperbolic metamaterial.
2.3.4.2 Optical properties
The optical properties of this metamaterial, constituted of an assembly of nanorods, can be
understood by first analysing the properties of an isolated nanorod, which in this case can
be considered as a prolate spheroid with two principal axes corresponding to the length
and the diameter of the rod. This type of particles exhibit two dipolar LSP resonances,
a longitudinal plasmonic mode (L-mode) in the infrared spectral range and a transverse
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plasmonic mode (T-mode) in the visible spectral range, respectively associated with the
electron motion in the direction along and across the length of the nanorod. However, when
placed in close proximity, like in the metamaterial considered, the dipolar longitudinal
modes supported by each individual nanorod interact leading to a collective plasmonic
resonance which is blue-shifted with regard to the longitudinal modes of each nanorod.
By varying the aspect ratio of the nanorods (ratio between length and diameter), their
separation and their surrounding environment, it is then possible to tune the plasmonic
resonances of the system in the visible and near-infrared spectral ranges. Modifying
the inter-rod spacing also affects the spatial distribution of the electric field associated
with the L-mode resonance of the array. In the case of large inter-rod distances the field
is concentrated around the extremities of the rods whereas for smaller separations, the
coupling of the individual L-modes of the nanorods leads to the concentration of the electric
field inside the metamaterial slab [100]. In addition to these two dipolar resonances, the
nanorod-based metamaterial slab with finite dimensions, such as finite thickness, also
supports waveguided modes, which also spectrally depend on the nanorod length, diameter
and surrounding refractive index. Like SPPs, these modes are accessible using attenuated
total internal reflection (ATR) spectroscopy.
2.3.4.3 Local effective medium theory
As mentioned in previous sections, for wavelengths much larger than all the characteristic
sizes of the composite, such as nanorod diameter and their period, the macroscopic
optical properties of such metamaterial can be theoretically analysed using a local effective
medium theory approach based on the Maxwell-Garnett approximation. The Maxwell-
Garnett mixing formula for anisotropic composites constituted of uniformly distributed
and oriented prolate spheroids (principal axis oriented along the z-direction) describe
the effective permittivity of the medium in terms of the permittivities of the materials
constituting the meta-atoms and the filling factor of each individual meta-atoms [101, 102].
The in-plane and out-of-plane components of the effective permittivity are given by






(1 + p)εrod + (1− p)εh




‖ = pεrod + (1− p)εh (2.27b)
with εh and εrod respectively the permittivities of the host material and the rods, and
p = π r
2
a2
the filling factor of the metal in the host matrix with r the radius of the nanorod
and a the periodicity of the array. This model can then be used to calculate transmission,
reflection and absorption spectra of the composite using a transfer matrix method (TMM)
[103], considering a metamaterial slab with thickness of the length of the rods. Due
to symmetry, the optical properties of a nanorod metamaterial resemble those of an
homogeneous anisotropic medium with the optical axis parallel to the nanorods and
its dielectric permittivity can be expressed as a diagonal tensor of effective dielectric
permittivity, like in equation 2.25 with εeffxx = ε
eff
yy 6= εeffzz . Figure 2.16 shows an example
of the effective permittivity of the nanorod metamaterial where three regions can be
distinguished relative to the sign of the real part of the dielectric permittivity along the
nanorods: the elliptical regime, where Re(εeffxx ) is positive and the metamaterial behaves
like a dielectric (green shaded region in Figure 2.16); the epsilon-near-zero (ENZ) region,
where Re(εeffxx ) vanishes or approached zero (orange shaded region in Figure 2.16) and
the hyperbolic regime, where Re(εeffxx ) is negative and the metamaterial has a metal-like
behaviour (yellow shaded region in Figure 2.16).
2.3.4.4 Optical non-localities in nanorod metamaterials
In the limit of small losses and for a wavelength range close to the ENZ regime depicted
in figure 2.16, it has been shown that the optical properties of metamaterials are largely
affected by a non-local response of the composite [104]. Non-locality refers to the behaviour
of a physical system at a given point depending on its state at another spatially separated
region. In this ENZ wavelength range, strong spatial dispersion is observed and this non-
local character of the metamaterial yields the propagation of not two, but three different
modes: one of these modes is a TE-polarised ordinary wave, while the two other waves
are both TM-polarised but have different effective indices. The additional TM-polarised
mode in the case of nanorod-based metamaterials results from the collective excitation of
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Figure 2.16: Effective permittivity of nanorod based metamaterial in its AAO
matrix. The parameter of the nanorods are: length 300 nm, diameter 30 nm and period
60 nm.
cylindrical surface plasmons propagating along the nanorods [105]. The strong interaction
of these two TM-polarised modes leads to a dispersion relation taking into account both


















with ξ = p εAu+εh
εh−(nl∞)2
, where p is the filling factor defined in section 2.3.4.3, nlz is the
effective refractive index of the cylindrical surface plasmons that propagate in a nanorod
metamaterial with the nanorod permittivity εAu and n
l
∞ represents the limit of n
l
z for
perfectly conducting nanorods. The parameters nlz and n
l
∞ can be calculated either
numerically or by solving an eigenvalue-type problem as described in [105].
2.3.4.5 Non-local effective medium theory
The non-locality mentioned above can be successfully described in a non-local EMT by
introducing a wavevector dependence of the permittivity of the metamaterial. Hence,
while the components of the dielectric permittivity tensor perpendicular to the optical axis
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εeffxx and ε
eff
yy can still be described using Maxwell-Garnett approximation in the non-local









The transfer matrix method can subsequently be used to calculate the linear optical
properties of the metamaterial slab. Although non-local effects are known to have a weak
impact on linear reflection and transmission through the metamaterial, the situation can
be completely different in the prediction of the spontaneous emission properties of emitters
located inside such metamaterial, where the presence of an additional propagating mode
inside the metamaterial, acts as a new decay channel for the emitters and fundamentally
alters the local density of states. This will be discussed in details in Chapter 5.
Chapter 3
Control of spontaneous emission
and non-radiative processes
In this chapter, the main steps in the development of a precise control of the spontaneous
emission, as well as the non-radiative energy transfer between emitters via the engineering
of the electromagnetic environment surrounding the emitters, will be discussed.
3.1 Local density of electromagnetic states and Purcell ef-
fect
The spontaneous emission of emitters in a specific environment can be characterised by
the emission spectrum of the emitters and their lifetime, depending on both radiative
and non-radiative decay channels. According to Fermi’s golden rule [106], the radiative





where p is the matrix element related to the transition between initial and final energy
states and ρ(r0, ω0) is the local density of electromagnetic states (LDOS) corresponding to
the number of modes per unit volume and frequency, at the position r0 of the emitter, into
which a photon of energy ~ω0 can be released during the spontaneous emission process
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[33]. From this equation, two ways of modifying the spontaneous emission rate can be
distinguished. The first one, associated with the transition dipole moment, is purely related
to the chemical structure of the emitters and the initial and final energy levels involved in
the transition. The second method, however, is not related to the emitters themselves but
to their electromagnetic environment by means of a modification of the LDOS available
for the emitters to decay. This possibility has first been observed by the pioneering work
of Purcell in 1946, who discovered the enhancement of the spontaneous emission rates
of atoms in the presence of a resonant cavity [88]. Therefore, the enhancement of the
spontaneous emission rate of an emitter has taken the name of Purcell effect, which can
be evaluated using the Purcell factor, defined as the ratio of the spontaneous emission
rate of the emitters in the engineered environment to the one of the emitters in free-space.
Since, the engineering of the LDOS has been achieved in various photonic and plasmonic
environments leading to inhibition or enhancement of the spontaneous emission rate as
will be described in the next sections. One of the main challenge of the evaluation of
the spontaneous emission enhancement in various environments, and especially plasmonic
ones, relies from the combined modifications of the radiative and also non-radiative decay
rates due to the potential presence of losses channels and quenching mechanisms, leading
to an increase in the spontaneous emission rate but a decrease in the emission intensity.
3.2 Spontaneous emission engineering
3.2.1 Planar metallic interface
The presence of an interface between two media of different refractive indices is one of
the simplest example of modification of the LDOS in the vicinity of an emitter. This
modification arises from the interferences between the emitted field from the emitter and
the field reflected by the interface. The dependence of the spontaneous emission rate to
the distance between the emitter and the surface was first experimentally shown by the
pioneering work of Drexhage in the late 1960s and early 1970s [107, 108] with his work on
europium ions near metallic mirrors, which was subsequently replicated and extended by
Amos and Barnes in 1997 [109, 110].
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Figure 3.1: Excited state lifetime of Eu3+ ions as a function of the distance from a
200 nm thick silver mirror. Taken from [109].
Figure 3.1 shows the dependence in lifetime of Eu3+ ions as a function of the distance from
a 200 nm silver mirror, where the oscillations in the lifetime of the ions is due to the phase
difference between the emitted and reflected fields and the decrease in amplitude is the
result of the radiated field decreasing as the square of the distance from the dipole. The
different behaviour for short distances between the dipole and the planar interface leading
to the fast decrease of the lifetime of the emitter can be attributed to non-radiative energy
transfer to the metal, mainly due to the excitation of surface-plasmon polaritons (SPPs)
at the metal surface but also to the coupling to lossy surface waves [111, 112], which
become predominant at very short distances from the surface. Several experiments aiming
at demonstrating the coupling between emitters and SPPs [113–115] and characterising
the dependence of the coupling with regard to the distance between the emitters and the
interface [116] were then performed. These experiments required the use of momentum-
matching techniques such as prism or grating coupling. It has also been shown that the
use of an optically thin film as a mirror not only allows the propagation of SPPs on the
closer side of the metal but also on the far side of the film; resulting in another decay
channel and hence, a further decrease in the lifetime of the emitters [117]. This has been
discussed in [109]. Another decay mechanism can also take place in the case where the
spacer layer is thick enough leading to the presence of waveguided modes [110] constituting
new decay channels for the emitters.
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3.2.2 Corrugated interfaces
The non-radiative character of the emitted light coupled to SPPs naturally drove the
research towards the use of roughness or corrugated surfaces in order to couple the light
back to radiative modes and take advantage of the density of states associated with SPPs.
The out-coupling of SPPs to radiative modes is made possible by momentum-matching
techniques via the periodic patterning of the planar surface. Out-coupling of luminescence
from dye molecules into SPPs by silver gratings for TM-polarised light and enhancement of
emission was first experimentally demonstrated by Knoll et al. in 1981 [118] and followed
by the work of Adams, who also investigated the excitation of waveguided modes [119]. For
these methods, the radiation patterns are strongly modified, leading to a specific angular
distribution and polarisation of the emission [120]. Several experimental studies have then
shown that the careful design of the grating geometry can allow the modification of the
decay rate of the emitters and also enhancement of the emission [121–123]. Another way
to couple SPPs and waveguided modes to radiation is to use roughened or multi-corrugate
surfaces, which has been shown to allow enhancement of the emission of emitters with
respect to planar surfaces [3, 124]. Some work on emission enhancement has also been
done using another type of substrate made of subwavelength metallic islands covered
with dye molecules. In this case, the scattering from the islands allows the coupling
of the propagating SPPs to radiation and the small sizes of the islands, which can be
considered as particles of various shapes, leads to the presence of localised modes also
taking part in the control of spontaneous emission. Similarly to the case of surfaces
with small roughness, optimised distances between the islands and the molecules allow
an enhancement of the fluorescence emission and an increase in the decay rate of the
emitters situated in the localised ”hot-spots”, leading to a higher photostability, essential
to biosensing and bioimaging applications [125]. However, due to the size and shape
distributions of the particles, it is very difficult to predict the efficiency of enhancement of
these structures, even across a same sample.
3.2.3 Metallic nanoparticles
As explained in the case of roughened surfaces, the localisation of light plays an important
role in the enhancement of the emission from emitters placed in their vicinity. Hence,
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emission enhancement has also been studied in systems constituted of subwavelength single
or multiple metallic nanoparticles. Enhancement properties are significantly dependent
on the careful design of the geometry of the particles, their material constituents and the
control of their arrangements and various types of systems have been studied.
For instance, the interaction between emitters paired with single nanoparticles of different
shapes such as nanospheres [126], nanodisks [127] as well as nanorods [128] or nanoprisms
[129] has been largely investigated. By tuning the shape, size and composition of these
subwavelength nanoparticles, it is possible to finely tune the spectral position of the LSP
resonances over the whole visible and near-infrared spectral ranges in order to optimise
the correspondence between the LSPs of the nanoparticles and the spectral properties of
the emitters and thus improve the coupling between them. Different factors can influence
the emission properties of the emitters, such as the high localised fields at the nanoparticle
surface able to enhance the excitation intensity incident on the emitters; the modification
of the decay rate due to the modified LDOS and also the efficient coupling to radiative
modes thanks to the nanoparticle scattering [130]. Like in the case of surfaces, the distance
between the emitter and the nanoparticle has a dramatic effect on the emission of emitters
leading to either quenching or enhancement due to the competing non-radiative and
radiative decay channels available to the emitters [131] as represented in Figure 3.2.
Figure 3.2: Fluorescence near nanoparticles. (a) Schematic of experimental setup
for fluorescence detection (Inset: SEM image of a gold particle attached to the end
of a pointed optical fiber). (b) Experimental fluorescence rate γem as a function of
molecule-particle separation (normalised to free-space value γ0em. Taken from [131].
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For nanoparticles in contact with the emitters or very short distances, the emission is
strongly quenched [132, 133]; while, for optimised separations of only few nanometres,
maximum enhancement factors are observed and can reach 50 when the LSP resonance of
the nanoparticle is matched to the emission wavelength of the emitter [128]. Other studies
have also shown a 20-fold enhancement of the emission in the case where the LSP resonance
of the nanoparticle is matched to the excitation peak of the emitter [134], showing the
important role of LSPs in both the control of excitation and emission processes. The decay
rate of emitters is also increased [126, 134] due to the modification of the local density
of states available for spontaneous emission compared to that in free-space. In the case
of non-symmetric particles, such as nanorods, a strong polarisation dependence of the
emission enhancement has been observed due to selective excitation of LSP resonances
[135]. As nanoparticles have been shown to enhance spontaneous emission, subwavelength
apertures drilled in metallic films have also received a lot of interest since the discovery of
the enhanced transmission phenomenon [136]. Several experimental studies demonstrated
spontaneous emission intensity and decay rate enhancements in isolated single holes due to
the enhancement of the excitation intensity by confinement together with the enhancement
of emission via the modification of the LDOS [137, 138].
3.2.4 Plasmonic nanoantennas
In order to further improve the emission and decay rate enhancements of emitters, com-
binations of the above mentioned nanoparticles have also been investigated. Typically
fabricated using chemical processes or electron-beam lithography, these types of structures
allow more flexibility than a single nanoparticle in that not only the shape, size and com-
position of the particles can be tuned, but also the separation between them. Structures
such as nanoparticle dimers or bowtie antennas [139, 140], as shown in Figure 3.3, combine
strong resonances, due to the coupling of the individual modes of the particles, together
with a high local field enhancement in the nanoscale gap between the particles, leading to
strong enhancement of the spontaneous emission of emitters located in the vicinity of the
antenna gap.
This enhancement is highly dependent on polarisation, with higher enhancements when the
electric field is along the axis of the nanoantennas, and on the gap between the particles
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Figure 3.3: Fluorescence near nanoantennas. (a) Schematic of a bowtie nanoan-
tenna coated with molecules in PMMA on a transparent substrate. (b) Scanning electron
microscopy image of a gold bowtie nanoantenna. c Finite-difference time-domain calcula-
tion of local intensity enhancement. Scale bar 100 nm. Taken from [139].
[141–143]. Experimental studies have reported enhancement factors of the emission higher
than for isolated nanoparticles, reaching values of the order of 103 in optimised cases
[139]. Authors have demonstrated in various studies that the enhancement of emission
intensity can be accompanied by an up to 30-fold increase of the decay rate of the emitters
[139, 144], polarised emitted light [145] and reshaping of the emission spectrum of the
emitters according to the spectral position of the resonance of the antenna [143, 145].
Various other designs including Yagi-Uda [146, 147] antennas; nanoapertures surrounded by
gratings [148, 149]; or patch antennas consisting of emitters placed in the small gap between
a metallic film and a metallic nanoparticle [150–152], have been used in order to achieve
high-directionality of the emission. These studies report a high directional enhancement
of the spontaneous emission along with high decay rates reaching enhancement factors up
to 880 and 2300-fold enhancement in the total fluorescence intensity, useful for the design
of fast single-photon sources [153].
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3.2.5 Plasmonic/photonic crystals and cavities
Nanoparticles or nanoapertures can also be arranged in periodic arrays known as plasmonic
crystals. When placed far enough apart, the nanoparticles forming the array don’t
interact with each other and the electromagnetic response of the array is similar to the
electromagnetic response of each nanoparticle. However, when the periodicity of the
nanoparticles is reduced to values of the order of the wavelength, the coupling between
their individual electromagnetic responses modifies the response of the whole structure.
Coupling to these collective modes led to both spontaneous emission and decay rate
enhancement when overlapped with the emission spectrum of the emitters [154, 155], but
also directional and polarisation dependent photoluminescence enhancement [4, 156, 157].
The work on plasmonic crystals and cavities for the control of spontaneous emission
enhancement has been driven by previous research based on the use of photonic systems,
such as photonic crystals and photonic cavities. Experimental studies of emitters in
photonic crystals have shown the possible control of spontaneous emission in 3D photonic
crystals [98, 158], but also in 2D photonic crystals [159]. In cavity-based systems, the
modification of the LDOS and hence of the spontaneous emission rate enhancement can











where λn is the wavelength in the host material, and Q and V are the quality factor and
mode volume of the cavity, respectively representing the photon confinement with respect
to time and space. High enhancement of the LDOS can therefore be achieved by designing
cavities with high quality factors and small mode volumes.
Spontaneous emission can then be further controlled by introducing point defects in 3D
and 2D photonic crystals as represented in Figure 3.4 and thus form photonic crystal
cavities with very high quality factors and the smallest mode volume shown in dielectrics.
Spontaneous emission enhancement has also been demonstrated in other types of cavities
such as micropillars or microdisks cavities [161]. Due to their very sharp resonances, pho-
tonic crystal cavities are also more suitably adapted for spontaneous emission enhancement
of emitters with narrow emission linewidths.
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Figure 3.4: AFM topography of a photonic crystal cavity aligned to a hill of
material on the surface arising from a QD buried 63 nm below. Taken from [160].
Compared to photonic cavities, plasmonic cavities have more moderate quality factors
due to the losses introduced by metals. However, they have the advantage of showing
very small mode volume to the presence of strongly bound SPPs at a metal-dielectric
interface and hence show very high theoretical Purcell factors. In terms of experiments,
large spontaneous emission enhancement of emitters located in the gap between a planar
metallic film and a metallic nanowire has been demonstrated due to the coupling of the
emitters to the gap-modes sustained by the cavity [162].
3.2.6 Hyperbolic metamaterials
Recently, metamaterials have received a lot of attention and have been shown to constitute
an interesting alternative to photonic cavities in order to achieve non-resonant broadband
spontaneous emission enhancement without the need of high confinement [90, 163]. Due
to their open isofrequency surfaces, hyperbolic metamaterials, as described in Chapter
2, exhibit unique high-wavevector states and hence a theoretically infinite LDOS. This
ultimately makes them perfect candidates for the control of spontaneous emission over
large bandwidths, as Γ(ω) ∝ ρ(ω, r), where Γ(ω) is the spontaneous emission rate and
ρ(ω, r) the LDOS at the position r of the emitter. The first experimental investigations of
the enhancement of spontaneous emission with hyperbolic metamaterials were performed
in 2010 with the study of the optical properties of dye-doped layers deposited on top
of a silver nanorod-based metamaterial [90] and a metallo-dielectric multilayer system
[164], both exhibiting hyperbolic dispersions. Time-resolved fluorescence measurements
showed a reduction of the lifetime of the emitters by a factor of about 2, due to the
presence of the unique electromagnetic states propagating in the metamaterial. Since
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then, the enhancement of the decay rate of various type of emitters, such as quantum
dots, nanodiamonds and organic dyes, has been demonstrated only using metallo-dielectric
multilayer metamaterials with the aim of investigating the effect of the transition from
elliptic to hyperbolic regime [94, 163, 165]. In order to further increase the radiative
decay rates, emitters have then been placed inside the hyperbolic metamaterial, as the
high-wavevector states present in hyperbolic metamaterials are propagating within the
layers and the emitters experience higher confinement [166]. Theoretical studies have
demonstrated the position and polarisation dependence of the enhancement of the radiative
decay rates [92], and measured enhancements have been shown to be higher than on top of
the multilayers, but remain moderate [167]. Hence, recent work has been focused on the
out-coupling of the light coupled to the modes supported by the HMMs to the far field by
direct nanopatterning of the HMM or addition of an out-coupling structure on top of the
HMM. 1D gratings on metallo-dielectric multilayers covered with dye-doped layers have
been theoretically and experimentally investigated, leading to a 76-fold enhancement of
the spontaneous emission rate and about 80-fold enhancement of the emission intensity
compared to the same HMM without nanostructure [92, 93]. Another design, consisting of
cylindrical dielectric bullseye grating, has been theoretically studied on top of multilayered
HMMs and its potential for highly directional out-coupling of the high-wavevector modes
of the HMMs [166] has been shown. This design has then been applied experimentally
to study the simultaneous spontaneous emission enhancement and out-coupling of high-
wavevector modes of quantum dots embedded in a metallo-dielectric multilayer HMM.
The results of this study led to a 10-fold enhancement of the spontaneous decay rate along
with a 20-fold enhancement of the emission intensity [168].
In all these experimental studies, the spontaneous emission and out-coupling efficiencies
have been shown to be highly dependent on the design of the HMMs, or their nanostruc-
turing, as well as the location of the emitters with regard to the HMM. In this thesis, the
tailoring of the spontaneous emission of emitters placed inside a nanorod-based HMM
will be discussed. The inexpensive and straightforward fabrication process of this type
of metamaterial, along with the high tunability of their geometrical properties, confer
significant advantages with regard to the difficulties encountered in fabricating high quality
factor metal-dielectric multilayers at nanoscale. The nanorod-based HMM geometry also
provides significant advantages with regard to the positioning of the emitters inside the
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metamaterial as the largest Purcell factors are obtained for emitters placed in the local field
maxima [169] of the structure, which, for this type of HMM, is found to be concentrated
between the nanorods within the assembly [100].
3.3 Energy transfer engineering
In the same way the spontaneous emission can be controlled by the design of suitable
electromagnetic environments, research towards the engineering of non-radiative processes
between emitters such as FRET has recently gained interest. Among the theoretical and
experimental studies of FRET in nanophotonic environments developed over the past
years, the influence of the LDOS on the energy transfer rate remains unclear, if mentioned
at all, and several contradictory results have been obtained. In this process, the energy
transfer between donor and acceptor is typically competing with other processes; such
as the modifications of the donor and acceptor emission properties as well as losses to
the metal, which are all influenced by the LDOS. Therefore, the careful design of the
nanostructure is required in order to optimise the contribution of FRET with regard to all
the other decay pathways available to the emitters.
A lot of the studies of the interaction of donor-acceptor FRET pairs with metallic nanopar-
ticles, based on the coupling between the energy transfer and the LSP resonances exhibited
by the metallic nanoparticles, have reported enhancement of the energy transfer rate, effi-
ciency and range, depending on the geometry of the systems, but have generally not linked
it to the change in the LDOS. Various systems have been investigated including a single
metallic nanoparticle with a single donor-acceptor pair suggesting a 21-fold increase in the
FRET rate together with an increase in the FRET radius [170], core-shell structures [171]
and also nanoparticle arrays separating two monolayers of donor and acceptor emitters,
leading as well to an increase of the FRET rate and the Förster radius compared to FRET
without the nanoparticles [172, 173].
Among the work mentioning the relation between energy transfer and FRET rate, different
types of dependences between the energy transfer rate and the LDOS have been suggested.
Early studies using high quality factor microcavities, known to enhance the spontaneous
emission of emitters, have shown an enhancement of the energy transfer rate up to 10
times. FRET rates following a linear dependence to the LDOS at the donor’s emission
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wavelength were shown and attributed to the alteration of the donor’s oscillator strength
by the microcavity [174, 175]. The same linear dependence was also first claimed in a
study of energy transfer near a gold film, where the typical oscillations of the decay rate
with distances from the metal film could be observed as well for the energy transfer rate
[176]. A quadratic dependence of the FRET rate on the LDOS was subsequently modelled
[177]. The FRET rate has also been shown to be nearly independent on the LDOS in the
case of dielectric materials doped with donor and acceptor ions and immersed in solvent
of different refractive indices [178, 179].
It is important to notice that most of these studies were taking into account ensembles of
molecules and that potential disparities in the result of the relationship between FRET
rate and LDOS could be the result of an imprecise control over the donor-acceptor distance,
the pairing of a donor to multiple acceptors or cross-talk between donor-acceptor pairs
[180]. Therefore, in order to minimise the influence of these factors, many of the recent
studies of FRET and LDOS have considered single donor-acceptor pairs at well-defined
distances from engineered electromagnetic environments. An experiment carried out for
donor-acceptor pairs at fixed distances from a planar mirror [180] led to an energy transfer
rate independent from the LDOS and similar conclusions were then drawn in studies
involving microresonators, while varying the separation between the mirrors [181, 182].
Furthermore, inhibition of FRET was observed for donor-acceptor pairs located on top
of metallo-dielectric multilayer metamaterials and the potential influence of collective
behaviours on the modification of the energy transfer rate has been mentioned [183]. This
collective behaviour has also recently been theoretically investigated in the case of metallic
nanoparticles and planar mirrors [184, 185], highlighting the presence of new collective
modes influencing the energy transfer rate. In contrast with these observations, a linear
dependence of the FRET rate on the LDOS has been demonstrated in nanoapertures of
different diameters in a gold film [186], as well as nanogap antennas [187] for different
separations between donor and acceptor, leading to a 5-fold enhancement of the FRET
rate but reduced efficiencies. These enhancements of the FRET rate have been attributed
to the strong field gradient on the scale of the donor-acceptor separation [187, 188].
Several remarkable properties of FRET in electromagnetic environments with higher LDOS
have been highlighted in these experimental investigations. Larger enhancement of the
FRET rate have generally been observed for larger separations of the donor and acceptor.
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This has been attributed to the fact that for short donor-acceptor distances, the direct
dipole-dipole transfer is dominant; whereas, for larger separations, the contribution from
the local environment of the emitters on the energy transfer is more pronounced [186].
Meanwhile, the increase in the FRET rate has often been accompanied with decreased
FRET efficiencies due to the faster increase of the donor decay rate with regard to the
FRET decay rate. Taking into account that the LDOS available to an emitter varies
strongly with the position of the emitter in its environments, a precise positioning of the




This chapter gathers the experimental techniques for fabrication and characterisation of
the samples as well as the methods used for data analysis. Firstly, general methods such as
thin film sputtering, anodisation and electrodeposition used to fabricate the nanorod-based
hyperbolic metamaterial will be described. The next section is dedicated to the standard
characterisation techniques used in order to study the electromagnetic properties of the
samples. Finally, the development of a time-resolved fluorescence microscopy setup to
study the spontaneous emission of emitters in various electromagnetic environments will
be presented together with data analysis methods.
4.1 Fabrication techniques
4.1.1 Sputtering
The first step in the fabrication of the nanorod-based hyperbolic metamaterials mainly
used in the experiments performed in the following chapters is the deposition of thins
films of tantalum pentoxide (Ta2O5), gold (Au) and aluminium (Al) in order to then
produce the porous templates in which the nanorods will subsequently be embedded.
This is done by physical vapour deposition (PVD) with a technique called magnetron
sputtering. PVD consists in a vaporisation process where atoms of the material to deposit
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are physically ejected from a solid source by bombardment and momentum transfer from
energetic positively charged ions of an inert gas onto the target [189].
In the case of the nanorod-based HMM samples made for the following experiments,
a 10 nm underlayer of tantalum pentoxide (Ta2O5) is typically sputtered onto a glass
substrate followed by a thin (7− 10 nm) layer of gold (Au) and finally a film of aluminium
(Al) with a thickness of several hundreds of nanometers which is subsequently anodised to
form a porous template. The deposition of an Ta2O5 layer is essential to the process as it
constitutes an adhesion layer between the glass substrate and the gold layer, while the
gold layer acts as an electrode for the electrodeposition of the material into the pores of
the AAO template. Other samples such as simple gold thin films of various thicknesses
were also fabricated using the same sputtering process of a 10 nm underlayer of Ta2O5
and the desired thickness of gold.
4.1.2 Anodisation
The fabrication of the arrays of nanorods discussed in Chapter 2 relies on the production of
a layer made of a quasi-periodic array of holes with nanometric diameters and separations,
acting as a template for further electrodeposition of the nanorods. The generation of these
holes uses a process of controlled anodisation of aluminium, leading to the formation of
porous alumina known as Anodised Aluminium Oxide (AAO). The process of anodisation
of aluminium films occurs with the chemical reaction between the metal and an electrolytic
solution when a voltage is applied through the solution and the metallic film is used as the
anode. The pores diameter and separation can be controlled by the voltage applied and
the type of acid used as the electrolyte. The use of sulfuric (H2SO4) or oxalic (H2C2O4)
acids at voltages between 20V and 60V typically result in pore diameters ranging from
12 nm to 60 nm and separations from 50 nm to 150 nm. Prior to the deposition of the
metal in the pores, it is necessary to remove the barrier layer present at the bottom of
the pores which insulates the electrode. Therefore, an etching process in a solution of
30 mmol/L−1 sodium hydroxide (NaOH) is required. This process also slowly widens the
diameter of the pores.
A two-step anodisation process can also be used in order to achieve highly ordered nanorods.
This process consists in a first step anodisation of the aluminium film, during which the
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formation of the pores randomly develops over the aluminium surface and gradually orders
after long-period anodisation. The AAO layer created is then etched away in a solution of
phosphoric acid H3PO4 (3.5 %) and chromic acid CrO3 (20 g.L
−1) at 70o, leaving the
aluminium surface with small highly ordered dents in order to perform a second anodisation
[190] before etching the barrier layer. Figure 4.1 depicts the standard fabrication steps of
the nanorod-based metamaterial.
Figure 4.1: Standard fabrication steps of the nanorod-based metamaterial.
4.1.3 Electrodeposition
The nanorod system is then finally fabricated by electrodeposition of gold into the pores
from a gold chloride based solution. The time of electrodeposition determines the length
of the nanorods. For certain types of measurements, it is possible to completely dissolve
the AAO template in order to obtain free-standing rods. This is achieved using the
same etching process as described above. This then allows the placing of quantum dots,
nanodiamonds or organic dyes solutions or polymeric layers in between the rods.
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Figure 4.2: Nanorod-based metamaterial sample. Left: Sample following the
anodisation, after the etching process, Middle: After gold deposition and Right: After
removal of the AAO matrix (bottom part).
4.2 Characterisation techniques
4.2.1 Transmission/absorption and scattering spectroscopy
In order to characterise the optical properties of the samples or the emitters used, trans-
mission measurements were taken using a tungsten-halogen lamp for varying polarisation
or angles of incidence. Depending on the nature of the measurement, the incident light is
either collimated or focused on the sample and, after passing through it, is collected using
an objective lens. The transmitted light is then coupled to a spectrometer equipped with
a CCD camera via a multimode optical fibre. Dark field illumination could be achieved by






























Figure 4.3: Visible spectroscopy setup.
Chapter 4. Experimental methods 65
4.2.2 Attenuated Total Reflection
To further probe the optical response of the samples and detect modes that are not
available from free-space such as waveguided modes, Attenuated Total Reflection (ATR)
measurements was used. In this configuration, the sample is placed in contact with a
semi-cylindrical prism matching the refractive index of the sample’s substrate and is
illuminated through the semi-cylinder as shown in Figure 4.4. The minimum angle θc at
which total internal reflection occur, called the critical angle, depends on the refractive








The incident beam passing through the semi-cylinder reflects from the internal surface in
contact with the sample and creates an evanescent wave which extends into the sample.








where λ is the wavelength of the light and θ is the angle of incidence of the beam relative
to the normal of the semi-cylinder surface. The light not absorbed by the sample is
reflected and then collected using an objective lens. The reflected light is then coupled to
a spectrometer equipped with a CCD camera via a multimode optical fibre.
4.3 Time-resolved fluorescence spectroscopy
Time-resolved measurements, performed either in the time domain or frequency domain,
provide information about intensity decay of the sample, which typically are single-
exponential or multi-exponential. Complex intensity decays can for instance be the
result of heterogeneity, resonance energy transfer or emitter-solvent interactions but also
depend significantly on the local electromagnetic environment in which the emitters are
placed. The following sections will briefly describe the different methods for time-resolved
measurements and then focus on the experimental setup developed for this thesis.


























Figure 4.4: ATR setup.
4.3.1 Time-domain methods
Time-domain methods use a pulsed light source synchronised with high-speed detectors and
electronics in order to record the time dependent intensity decay law of the sample after
excitation. These measurements have so far been performed using different techniques,
such as gated image intensifiers together with Charge-Coupled Device (CCD) cameras
[191, 192] or Time-Correlated Single Photon Counting (TCSPC) [193]; having different
time resolutions. In the case of the TCSPC technique, the time resolution only depend on
the time response of the detector [194]. This time response varies depending on the type of
detector used: usually of several hundreds of picoseconds for conventional photomultipliers
(PMTs), it can reach only 50 ps for single-photon avalanche photodiodes (SPADs). Shorter
lifetimes can then be determined by deconvolution of the instrumental response function
from the recorded fluorescence decay [195].
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4.3.2 Time-correlated single photon counting
4.3.2.1 Principle of TCSPC
The principle of TCSPC consists in measuring the time difference between the excitation
of a fluorophore by a light pulse and the following emission of a single photon characteristic
of the de-excitation of the fluorophore. By repeating this operation it is then possible to
build the histogram of the times recorded, which corresponds to the fluorescence decay
rate of the emitters. This technique relies on the fact that the probability of recording
more than one photon per pulse is negligible due to the low-level and high-repetition rate
(20-80 MHz) of the excitation signal. Figure 4.5 depicts a typical experimental TCSPC
setup. The excitation path is split in two beams consisting in a small amount of the
signal diverted onto a photodiode (PD) and the other part going to the microscope and
hitting the sample. The fluorescence signal is then directed onto a single-photon detector
delivering pulses for the individual photons detected. These pulses, as well as references
pulses, are then sent to a TCSPC module.
Figure 4.5: Principle of TCSPC.
The time difference measurement is then calculated via fast electronics described in more
details in Figure 4.6a. A Constant-Fraction Discriminator (CFD) allows the detection of
the signal pulse and a second CFD is then used to get a reference pulse from the light source.
The outputs of these two CFDs are then used to start and stop a Time-to-Amplitude
Converter (TAC), which will generate an output signal proportional to the time between
the two pulses. This signal is sent to an Analog-to-Digital Converter (ADC), whose aim is
to address a memory location corresponding to the time of the photon. The distribution
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of photons over time is progressively built up (Figure 4.6b). TCSPC can also be used to
perform Fluorescence Lifetime Imaging Microscopy (FLIM) which consists in an imaging
technique based on the fluorescence decay rate of fluorescent molecules. Thus, each pixel of
the image displayed corresponds to the fluorescence lifetime of the sample. This technique
requires a scanning device which can be either an optical scanner, consisting in scanning
the optical beam on the sample, or a scanning piezo-stage, where the sample is moving and
the illumination is fixed. The TCSPC module is synchronized with the scanning device
thanks to three different clock pulses (frame clock, line clock and pixel clock) allowing the
determination of the beam position within the scanning area. In this case, not only the























































Figure 4.6: Principle of TCSPC FLIM electronics (adapted from [194]). (a)
TCSPC electronics, (b) TCSPC data: Single measurement, (c) TCSPC data: FLIM.
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4.3.2.2 Experimental setup
The TCSPC FLIM system used to carry out the following experiments is based on an
inverted Nikon Eclipse TE 2000-E microscope. Figure 4.7 shows a diagram of the setup.
A white-light pulsed laser source (Fianium Femtopower 1060) generates 400 fs pulses at a
20 MHz frequency. The beam is spatially filtered by focusing it onto a 10 µm pinhole, and
then expanded and collimated before entering the microscope. A monochromator combined
with an excitation filter and a dichroic mirror then allow the selection and direction of the
excitation beam of a given wavelength through the microscpe objective focusing the light
onto the sample. The fluorescence signal emitted by the molecules passes back through
the objective and the dichroic mirror to finally reach the SPAD (ID 100-50, ID Quantique).
Potential excitation light reflected by the sample is blocked by the dichroic mirror and the
emission filter. Using another port of the microscope, spectroscopic measurements of the
fluorescence signal can be performed (QE Pro, Ocean Optics). An additional excitation
path similar to an upright microscope has been built for the case where transmission
measurements are needed (see dashed green path in Figure 4.7).
Thanks to the modularity of the setup, a broad wavelength range including the visible and
the near-infrared ranges of the electromagnetic spectrum (450 nm – 1700 nm) can be used.
In exactly the same way shown in Figure 4.7 for visible excitation wavelengths (450 nm to
750 nm), the near-infrared laser beam is spatially and spectrally filtered using suitable
optics. For clarity, only a single excitation path is shown in Figure 4.7. To overcome the
issue of internal optics of the microscope being only optimised for transmission in the
visible range of the spectrum, a specific removable path has been built for near-infrared
wavelengths. This arm can be inserted between the dichroic filters wheel and the core of
the microscope and uses optics suitable for the near-infrared range (see dashed orange
path in Figure 4.7), ensuring maximum transmission in a region where emitters often have
lower quantum yields. Two kinematic mirrors are used to direct the light towards a CCD
camera in order to visualise the sample, a near-infrared SPAD (ID 220, ID Quantique)
to perform time-resolved photoluminescence or a near-infrared spectrometer (NIR Quest,
Ocean Optics) for spectroscopy.
A 3-axis piezo stage (LP200, Mad City Labs) generating the essential frame clock, line clock
and pixel clock is used to scan the sample. In order to be able to build the distribution of
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photons over time and location, these three TTL (Transistor-Transistor Logic) pulses are
sent to the TCSPC module (SPC-150, Becker&Hickl) as well as a reference pulse from the
laser and pulses from the SPAD detector. All the hardware components are controlled via
LabVIEW and the SPCM Software from Becker&Hickl.
4.3.2.3 TCSPC data
The measurement of a fluorescence decay usually involves the recording of the intensity
decay of the sample D(ti) and the instrument response function (IRF) IRF (ti), where
i is the number of time channels used for the measurement. The IRF, representing the
shortest time measurable by the instrument, can for instance be collected using reflected
excitation light or a scattering solution of colloidal silica and no emission filter. However, if
the detectors used have a strong wavelength dependent timing response, if might be more
useful to collect an IRF at a wavelength closer to the emission wavelength of the sample.
To do so, samples with very short lifetimes (≈ 10 ps) and broadband emission such as LDS
798 dye [196], pinacyanol iodide [197] or Allura red [198] can be used. Another method
is to quench dyes with nanosecond range lifetimes down to the picosecond range. This
quenching can be achieved using collisional quenchers such as saturated potassium iodide
[199] or sodium iodide solutions [200]. The shape of the IRF depends both on the type
of single-photon detector and the timing electronics. The single-photon avalanche diode
(SPAD) used in the TCSPC setup described above shows quite a narrow IRF of width 40
ps (Full Width at Half Maximum of the intensity).
The measured intensity decay of the fluorophore is represented by discrete values. Each
point represents the number of photons that have been emitted in the corresponding time
channel. The number of time channels used in experiments can be varied from 64 to 4096
regarding the complexity of the intensity decay.
4.3.3 Data analysis
The measured intensity decay S(t) corresponds to a convolution of the IRF, IRF (t), and
the fluorescence from the sample, D(t), expressed as:
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S(t) = IRF (t) ∗D(t) =
t∫
0
IRF (t′)D(t− t′)dt′ (4.3)
In order to analyse the intensity decay, the IRF has to be taken into account, especially if
the lifetimes are expected to be of the order of magnitude of the IRF. In the case of long
lifetimes, the intensity decay may be used without deconvolution of the IRF, as the effect
of the IRF on the intensity decay is negligible. Several methods of TCSPC data analysis
have been proposed such as nonlinear least squares [201–203], the method-of-moments
[204] or methods based on Laplace [205, 206] or Fourier [207] formalisms. Each of these
methods have advantages and drawbacks regarding the type of intensity decay that need
to be analysed [208, 209]. For example, some of them require preliminary assumptions on
the type of the intensity decay. Hence, in the case of complex intensity decays, it might be
preferable to use methods that don’t require such assumptions. Only methods that have
been used in the following experiments will be described in details in the next subsections.
4.3.3.1 Nonlinear least squares
The nonlinear least squares method is one of the most widely used technique to analyse
spontaneous emission decays. This method is based on the choice of a model to describe the
experimental data, which is typically mono- or multi-exponential in the case of spontaneous
emission decay. This method also requires the choice of initial values for the free parameters
of the model (amplitudes Aj and decay constants τj of the j
th component). The aim is
then, via an iterative process, to optimise the parameters values in order to get the best
match between the experimental data and the calculated decay. This is done by minimizing
the weighted sum of the squares of deviations of the calculated points, Y (t), from the
experimental ones D(t) for all i time channels of the measurement. The goodness-of-fit




wi ‖D(ti)− Y (ti)‖2 (4.4)
where wi is the weight of each measurement point, which is usually estimated as the
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In the case of TCSPC measurements, the probability of measuring n photons during a
certain period of time is given by a Poisson distribution. For each time channel i, the
standard deviation σi is then known to be the square root of the number of photon counts
σi =
√
D(ti), assuming there is no other source of uncertainty in the data. Thus, if the
model chosen corresponds well to the data, χ2 should be close to the number of time








where ν is the number of degrees of freedom, i is the number of time channels and p the
number of fitted parameters. χ2R is then expected to be close to unity for a suitable model.
If the model used is not appropriate to describe the data, the deviations between model
and experiment will be larger, leading to a value of χ2R greater than 1. Very small values
of χ2R may indicate an error in the determination of the uncertainties in the measurements.
Several algorithm are available to iteratively perform the least-squares estimation of nonlin-
ear parameters [210]. The most commonly used algorithm for fitting of exponential decays
is the Levenberg-Marquardt algorithm [211, 212], showing robust and rapid convergence
properties [213]. In order to take into account the IRF of the system, the model Y (t) is
first of all convoluted to the instrumental response IRF (t) and then iteratively compared
to the experimental data S(ti). The implementation of this method will not be discussed
but more details can be found in [211, 214].
4.3.3.2 Inverse Laplace transform
In most of the experimental studies performed in the next chapters, another analysis method
based on the inverse Laplace transform approach has been mainly used. As opposed to a
method based on a predefined model, resulting in the fitting of the spontaneous emission
data with a discrete set of exponentials, the inverse Laplace transform method is used to
interpret the spontaneous emission data in terms of a continuous distribution of lifetimes.
Due to the nature of the spontaneous emission processes occurring for emitters placed
in the electromagnetic environments considered, such as metallic films or metamaterials,
which are strongly dependent on the distance and orientation of the emitters with regard
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to the structures, the distribution-like description of the spontaneous emission is more
appropriate. This type of method does not rely on any preliminary assumption on the
emission process and hence does not require the choice of a specific model to fit the








where D(t) is the time dependent fluorescence decay, deconvoluted from the instrumental
response function and F (τ) is the weighted fluorescence lifetime distribution.
An analytical method developed by Provencher [215] was implemented to fit the sponta-
neous emission decays presented in the next chapters. As inverse problems, such as inverse
Laplace transforms, are known to be ill-defined, an iterative fitting procedure based on a
regularised inverse Laplace transform was used in order to achieve stable results. This
procedure consists in minimising the following equation
n∑
i=1




where the first term represents the weighted sum of the squares of deviations of the fit
Yi,fit from the experimental decay D(t) for each time channel of the measurement and
the second term is the regularisor. The fitting function Yi,fit = Ag is based on an inverse
Laplace transform where A = e−ti/τ , with τ a vector containing the time range probed
for the lifetime distribution, and g is the relative amplitude of the components of the
lifetime distribution. The regularisor term, composed of two arrays r (Nreg × 1) and R
(Nreg × n), is typically chosen in order to eliminate solutions deviating from expected
behaviours and its importance is set by the constant α. The regularisor implemented to fit
the experimental data presented in the scope of this thesis was based on the principle of
parsimony, consisting in favouring smooth solutions with the minimum number of peaks
[215] by defining the regularisor r −Rg as the second derivative of g. In order to reduce
the number of available solutions to fit the data, constraints such as g > 0 can be applied
on the lifetime distribution function.





















































































Figure 4.7: TCSPC FLIM setup.
Chapter 5
Spontaneous emission in nonlocal
materials
When the behaviour of a physical system at a given point depends on its state at another
spatially separated region, the system is described as being non-local. This non-locality
is shown to be present in engineered composites, metamaterials, where coherent surface
plasmons mediate the coupling between the unit cells of artificial electromagnetic crystals.
In this chapter, the process of spontaneous emission in a non-local environment is analysed
both experimentally and theoretically using a plasmonic nanorod metamaterial platform.
This platform has been recently demonstrated to enable a topological transition between
elliptic and hyperbolic dispersions. Experimentally, a broadband, macroscopically averaged
lifetime reduction of the order of 30 was demonstrated, while microscopic reductions in
lifetime are orders of magnitude higher. New theoretical and numerical approaches capable
of calculating the local density of photonic states in non-local media were also developed.
Although non-local effects have a weak impact on linear reflection and transmission through
the metamaterial [104], they are essentially dominating the dynamics of emitters’ decay,
and other quantum optical processes, inside a nanorod metamaterial, where the density
of photonic states is fundamentally altered by the presence of an additional propagating
mode inside the metamaterial [169].
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5.1 Samples
5.1.1 Emitters
For this study, four organic dye molecules (fluorescein (D1), Alexa 514 (D2), ATTO 550
(D3) and ATTO 647N (D4)) with their peak emission wavelengths respectively around
514 nm, 550 nm, 575 nm and 670 nm, were used to probe local density of states of the
metamaterial. Solutions containing dyes D1 and D2 were prepared with ethanol (refractive
index 1.36) at a dye concentration of 2.5× 10−5 mol.L−1. In the case of D3 and D4, the
dye molecules were dissolved at a concentration of 10−6 mol.L−1 in a water based solvent
(refractive index 1.33). The dye solutions were then introduced in the metamaterial using
a flow cell, which was positioned on a confocal microscope for fluorescence measurements.
5.1.2 Metamaterial parameters
The nanorod metamaterial was fabricated by gold electrodeposition into highly ordered
nanoporous AAO on a glass coverslip, according to the two-step anodisation procedure
described in Chapter 4. The AAO matrix was subsequently dissolved in order to achieve
free standing nanorods. The nanorod parameters used in the reported experiments were
50± 2 nm in diameter, of 100 nm period and 250± 5 nm height.
Figure 5.1: SEM image of the metamaterial. Gold nanorod-based metamaterial.
Inset: schematic of the metamaterial with a fluorescent molecule inside it.
Figure 5.1 shows an SEM image of the sample used. In order to ensure a correct comparison
between the measurements for different emitters, the same metamaterial sample was used
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for all four dyes. Therefore, after each measurement, the dye solution was washed out and
the sample cleaned by oxygen plasma treatment.
In order to further characterise the sample, extinction spectra of the metamaterial for
various illumination angles were measured for different dielectric hosts (Figure 5.2). For
free standing gold nanorods, i.e in air (Figure 5.2b), the typical mode structure of this
type of metamaterial is observed. In this case, both transverse and longitudinal modes are
overlapping due to the low refractive index between the nanorods. The same spectra were
then taken by immersing the sample in ethanol (Figure 5.2b) or water (Figure 5.2c), in
which the molecules were dispersed. By increasing the refractive index of the dielectric
host embedding the nanorods, a red-shift of the longitudinal mode can be observed (from
about 540 nm in (a) to 581 nm in (b) and 584 nm in (c)).
Figure 5.2: Experimental extinction spectra of the gold nanorods in differ-
ent dielectric hosts. Experimental extinction spectra (−log(Transmission)) of the
metamaterial consisting of free standing nanorods for different angles of incidence of
TM-polarised light in (a) air, (b) ethanol and (c) water.
5.2 Electromagnetic waves in the metamaterial and topol-
ogy of isofrequency surfaces
For wavelengths of light much larger than all the characteristic sizes of the composite,
such as the diameter and separation of the nanorods, the optical properties of the meta-
material can be described with an effective permittivity, which can be used to calculate
transmission, reflection and absorption spectra of the composite. As mentioned in Chapter
2, the optical properties of a nanorod metamaterial resemble those of an homogeneous
uniaxial anisotropic medium with its optical axis parallel to the nanorods (z-direction).
Homogeneous anisotropic media support the propagation of two types of waves that
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differ by their polarisation. While ordinary waves (TE modes), with the electric field
normal to the metamaterial’s optical axis (E ⊥ z), do not experience an anisotropy of
dielectric permittivity, extraordinary waves that have their magnetic field normal to the
metamaterial’s optical axis (H ⊥ z) are strongly affected by the material anisotropy.
A local EMT using the Maxwell-Garnett approximation described in Chapter 2 section
2.3.4.3 was employed to determine the effective dielectric permittivity of the metamaterial.
The permittivity of electrochemically deposited gold was described using the Drude model
with corrections for the restricted mean free path of electrons [216], which has previously
been shown to be in quantitative agreement with experimental results [104, 216]. As
represented in Figure 5.3, the sign of the real part of the component of the effective
dielectric permittivity along the nanorods εloczz changes from positive to negative at a
wavelength of about 575 nm. Therefore, the composite operates in the elliptic dispersion
regime for wavelengths below 575 nm and in the hyperbolic dispersion regime for longer
wavelengths (εxx = εyy > 0 and εzz < 0). The region around 575 nm, corresponding
to the ENZ region (εloczz ≈ 0), is representative of the effective plasma frequency of the
metamaterial [217]. Figure 5.3 also depicts the peak emission wavelengths of the four dyes
used in the following experiments, spanning the elliptic, ENZ and hyperbolic dispersion
regimes.
Figure 5.3: Local effective medium parameters of the metamaterial (Au
nanorods in ethanol). Vertical dashed lines indicate the emission wavelengths of
the dyes used for the PL lifetime measurements.
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According to the dispersion relation for such material described by Equation 2.26b in
Chapter 2 the isofrequency surfaces of the metamaterial at different wavelengths were
calculated. The geometrical properties of these isofrequency surfaces are often referred to
as the optical topology of the metamaterial [163]. For the composite used in this work, the
optical topology exhibits typical ellipsoidal isofrequency surfaces for TE modes in both
elliptic and hyperbolic dispersion regimes as depicted in Figure 5.4(a, b). The dispersion
of TM modes in the hyperbolic regime is described by a hyperboloid (Figure 5.4d), while
in the elliptic regime, it is represented by an ellipsoid in the center of the Brillouin zone,
which is increasingly deformed for higher wavevectors (Figure 5.4c).
Figure 5.4: Isofrequency surfaces describing the dispersion of the propagating
modes in the metamaterial with parameters as in Figure 5.2b calculated with
the local EMT. (a,c) elliptic (denoted e) regime (λ = 550 nm), (b,d) hyperbolic
(denoted h) regime, (λ = 650 nm) for (a,b) TE- and (c,d) TM-polarized modes. The
colormap represents the magnitude of kzc/ω.
The optical topology of a metamaterial is known to have a significant effect on its quantum
optical properties, theoretically leading to a singularity in the local density of optical
states in homogeneous hyperbolic media [89], which in turn can strongly affect the rate of
spontaneous emission [88] or other processes such as nonradiative energy transfer between
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molecules [183]. Recent experimental studies, mostly focused on emitters near a layered
metamaterial designs, have demonstrated relatively modest 5 to 10-fold enhancements of
the decay rate in the hyperbolic dispersion regime and smaller enhancements in the elliptic
dispersion regime [163]. Similar results were reported for emitters on top of hyperbolic
plasmonic nanorod metamaterials [167]. However, the geometry of the system used in
previous studies prevented a characterisation of the emission dynamics in the non-local
metamaterial regime, most pronounced inside nanorod metamaterials operating in the
elliptical dispersion regime [104, 105, 218, 219].
5.3 Consequences of optical non-localities
In the wavelength range in which the nanorod metamaterial supports the propagation of
an additional TM-polarised mode as described in 2.3.4.4, the topology of the metamaterial
can be calculated using the dispersion relation of TM-polarised waves for non-local media
described by Equation 2.28. Comparing Figure 5.4 and Figure 5.5, it is seen that while the
differences are minimal in the hyperbolic regime of dispersion, the behaviour in the elliptic
dispersion regime is drastically different. The isofrequency of one of the TM-polarised
waves qualitatively agrees with an ellipsoid, predicted by the local dispersion relation
(Equation 2.26b) and the second TM-polarised mode, which is absent in the local effective
medium theory, has a hyperbolic-like topology (Figure 5.5c).
The differences between the local and non-local EMTs were also investigated by looking
at the extinction properties of the metamaterial slab for the metamaterial parameters
used in this work. The calculated spectra from both methods are almost identical with
small deviations at the larger angles of incidence (Figure 5.6), with the non-local EMT
providing better correspondence to the shape of the experimentally measured spectra
(Figure 5.2(a,b)).
While non-locality is shown to have only a weak effect on the transmission properties of
the metamaterial, a large disagreement between the predictions of the two approaches
exists for the evaluation of the emission properties of dipoles embedded inside this type
of metamaterial. From the point of view of an emitter, the presence of an additional
electromagnetic wave represents a separate emission decay channel that drastically increases
the LDOS in the elliptic regime and affect the radiation dynamics.
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Figure 5.5: Dispersion of the modes supported by the nanorod metamaterial
calculated using the non-local effective medium theory. (a,c,e) elliptic (denoted
e) regime (λ = 550 nm) and (b,d,f) hyperbolic (denoted h) regime (λ = 650 nm) in the
case of (a,b) TE- and (c-f) TM-polarized modes for (a-d) the metamaterial considered
in experiments (as in as in Figure 5.2b) and (e,f) metamaterial with 50% unit cell and
nanorod diameter (25 nm diameter, 50 nm period). The scaling does not change the local
effective medium parameters of the composite (Figure 5.4). The colormap represents the
magnitude of kzc/ω.
5.4 Engineering non-local response by scaling metamate-
rial’s unit cell and losses
The dispersion of modes in plasmonic nanorod composites can be controlled by scaling the
unit cell, a process that does not change the local effective medium response. The predicted
changes in the dispersion of optical modes as a result of geometry scaling are summarised
in Figure 5.5(e, f). Material losses can be controlled by the choice of plasmonic metal
or by fabrication (for example, annealing) and serve as an additional degree of freedom
for engineering the optical properties of a metamaterial. The dispersion of the modes
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Figure 5.6: Calculated extinction spectra of the nanorod metamaterial for
different angles of incidence in (a) air and (b) ethanol using (dashed lines) local and
(solid lines) non-local EMT.
supported by the nanorod composite, predicted by local and non-local EMT clearly shows
that the dispersion of TE-polarised modes does not significantly depend on materials
absorption or unit cell size and is close to those presented in Figure 5.4(a, b). On the
other hand, when the metamaterial operates in the elliptic regime, absorption, along with
unit cell configuration, play an important role in defining the topology of TM-polarised
modes (Figure 5.7). When the losses are small, the two TM-polarised modes represent
well-separated branches in the wavevector space, with the lower branch having elliptical
behaviour and the upper branch exhibiting hyperbolic-like topologies (Figure 5.7(a, d)).
As the unit cell becomes smaller (Figure 5.7(d-f)), the behaviour of the elliptic branch
approaches the predictions of the local effective medium theory (Figure 5.7g), while the
upper branch moves ”up”, increasing the effective index of the mode. As losses increase,
the two TM-polarised modes approach each other (Figure 5.7(b, c)). Scaling the size
of the unit cell of the metamaterial still drastically affects the topology of these waves
(Figure 5.7(e, f)). Note that when losses are high, the local EMT converges to the upper
(hyperbolic) wave (Figure 5.7i). However, in the regime of moderate losses, realised in
this work, the local EMT becomes invalid, predicting the response that does not match
the properties of either of the two modes of the metamaterial (Figure 5.7h). When the
metamaterial operates in the hyperbolic regime, the elliptical branch of the TM dispersion
cuts off, and the propagation of light is dominated by the hyperbolic branch (Figure 5.8).
The effect of the spatial dispersion is now essentially limited to a quantitative correction
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of the dispersion.
Figure 5.7: Dispersion of TM-polarised modes supported by nanorod com-
posites in the elliptical regime (λ = 550 nm) for different material absorption
and geometry. (a, d, g) hypothetical loss-less metamaterial, (b, e, h) absorption as in
the experiment, (c, f, i) twice larger absorption than in (b, e, h); (a-f) non-local effective
medium theory for metamaterials with (a-c) a = 100 nm, r = 25 nm as in the experiment
and (d-f) 50% unit cell (a = 50 nm, r = 12.5 nm), (g-i) local effective medium theory;
the solid box (b) highlights the dispersion of the modes in the metamaterial used in the
experiment; the dashed line separates predictions of non-local and local EMTs from each
other. The colormap represents the magnitude of kzc/ω.
5.5 Photoluminescence and time-resolved analysis
In order to experimentally study the effect of non-locality on the emission properties of
emitters, time-resolved photoluminescence was performed using the experimental setup
described in section 4.3.2.2 of Chapter 4. The excitation wavelength for each dye was
chosen according to its absorption spectrum: 470 nm for fluorescein (D1) and Alexa 514
(D2), 525 nm for ATTO 550 (D3) and 633 nm for ATTO 647N (D4). The excitation
light was focused onto the sample using a 100× oil immersion objective with a numerical
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Figure 5.8: Dispersion of TM-polarised modes supported by nanorod compos-
ites in the hyperbolic regime (λ = 650 nm) for different material absorption
and geometry. (a, d, g) hypothetical loss-less metamaterial, (b, e, h) absorption as in
the experiment, (c, f, i) twice larger absorption than in (b, e, h); (a-f) non-local effective
medium theory for metamaterials with (a-c) a = 100 nm, r = 25 nm as in the experiment
and (d-f) 50% unit cell (a = 50 nm, r = 12.5 nm), (g-i) local effective medium theory;
the solid box (b) highlights the dispersion of the modes in the metamaterial used in the
experiment; the dashed line separates predictions of non-local and local EMTs from each
other. The colormap represents the magnitude of kzc/ω.
aperture of 1.49 and the resulting photoluminescence signal collected by the same objective.
Appropriate band-pass filters centered on the peak emission wavelength of each dye were
used to collect the photoluminescence signal and prevent any laser contribution to the
measured light. For each dye, a set of three measurements have been taken: inside the
metamaterial, on a thin (50 nm) gold film and on a glass substrate for reference. The
photoluminescence spectra of the different dyes on glass and inside the metamaterial are
shown in Figure 5.9.
The decay dynamics of the four fluorescent dyes with different emission wavelengths
spanning elliptic and hyperbolic regimes of dispersion is summarised in Figure 5.10.
Although all the studied emitters show nearly single-exponential fluorescence decay in a
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Figure 5.9: Emission spectra of the emitters (blue) on a glass surface and
(red) inside the metamaterial. (a) fluorescein (D1), (b) Alexa 514 (D2), (c) ATTO
550 (D3) and (d) ATTO 647N (D4).
homogeneous environment, the presence of plasmonic surfaces and nanostructures makes
the dynamics multi-exponential. This effect is the direct result of an ensemble of emitters
contributing to the signal, with each individual emitter having its own position- and
polarisation dependent decay rate in the structured environment.
To analyse the dynamics of the emitters, the inverse Laplace transform method presented
in Chapter 4 was used, leading to the distributions of lifetimes represented in Figure
5.11. Emitters located above a glass substrate show smooth localised lifetime distributions
peaked around their standard values of a few nanoseconds. The comparison of the decays
for glass and gold interfaces reveals the expected behaviour, caused by the presence of the
metal and related plasmonic excitations [220]. The overall peak to peak rate enhancement
obtained is less than 2. For example, the lifetime distribution for D1 emitters (Figure 5.10)
is peaked at 3.9 ns, representing the reduction of the macroscopically averaged lifetime by
a factor of ≈ 1.2. The dynamics measured for the emitters inside the metamaterial exhibit
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Figure 5.10: Fluorescence dynamics of the emitters (blue) on a glass surface,
(green) on an Au film, (red) inside the metamaterial. The studied emitters are
(a) fluorescein (D1), (b) Alexa 514 (D2), (c) ATTO 550 (D3) and (d) ATTO 647N (D4).
Dotted and solid lines respectively represent experimental results and dynamics recovered
by applying an inverse Laplace transform to the experimental data.
even faster decays with even broader distributions (7–100 times) of lifetimes than for a
single metal interface (Figure 5.11). The span of the lifetime distributions reflects a strong
position-dependent decay rate enhancement for the emitters inside the nanorod array unit
cell [221]. A substantial lifetime reduction was observed for all wavelengths.
The inverse Laplace transform approach was then verified by recovering the spontaneous
emission lifetime distribution near a smooth gold film from the distribution obtained for
the emitters on glass.
5.5.1 Theoretical lifetime analysis of the ensemble of emitters near a
gold film
The spontaneous emission of an emitter near a metallic surface can be theoretically studied
by considering a randomly oriented oscillating point dipole at a distance d above the
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Figure 5.11: Experimental fluorescence lifetime distribution of the emitters
in different environments. The distributions are extracted from the PL measurements
using a Laplace transform method: (blue) on glass substrate, (green) on Au film and (red)
inside the metamaterial. Dashed green lines represent the lifetime distributions above the
smooth gold surface recalculated from the measured lifetime distributions in the dielectric
environment shown with blue lines. (a) D1: Fluorescein. (b) D2: Alexa 514. (c) D3:
ATTO 550. (d) D4: ATTO 647N.
metallic surface. In order to evaluate the modification of the decay rate of the emitter
with regard to its distance from the metallic film, an method developed by Ford and
Weber in [111] has been implemented. In this approach, the dipolar field is written as
the superposition of TM- and TE-polarised plane waves and the influence of the metallic
interface was explained by its plane wave reflection coefficients. The power dissipated by
the dipole above the metal surface can then be approximated as a sum of the different
power dissipation channels for an emitter near a metallic interface, yielding
P = PPH + PSP + PLSW (5.1)
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where PPH is the power radiated via photons, PSP via surface plasmons and PLSW that
via lossy surface waves as described in Chapter 3 section 3.2.1 [111].
Taking into account the known power radiated by a dipole far from the metal surface Pinf
(distance between the emitter and the metallic interface z → ∞) as well as the quantum
yield η intrinsic to the emitter and the medium in which they are embedded, both the
local quantum yield of the emitter Qloc(z) and the total decay rate enhancement factor
Ψ(z), as a function of the distance between the emitter and the metallic interface, can be
calculated for both parallel and perpendicular components of the dipole, leading to
Ψ(z) = η
PPH(z) + PSP (z) + PLSW (z)
Pinf
+ (1− η) (5.2a)
Qloc(z) =
PPH(z)/Pinf
(PPH(z) + PSP (z) + PLSW (z))/Pinf + (1− η)/η
(5.2b)
In order to take into account the random orientation of the emitters above the metallic
surface, Ψ(z) and Qloc(z) were calculated separately for dipoles aligned with each coordinate




3Mz(z) where M = Ψ(z), Qloc(z).
Given the experimental lifetime distribution of emitters near a glass substrate F expGlass(τ),
the corresponding distribution near a gold film can be calculated using the following
expression







where Ψ(z) is the position dependent polarisation-averaged decay rate enhancement factor
near the gold surface, |Epump(z)|2 is the position dependent intensity of the excitation
light, Qloc(z) is the emitter local quantum yield and n(z) is the density distribution of
emitters along the depth of focus, which was assumed to be uniform. The depth of focus
(dmax−dmin) was taken equal to ≈ 175 nm for the best fit to the experimental data and an
almost perfect agreement between theoretical predictions and experimental measurements
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of the lifetime distributions was observed (Figure 5.11). Slight deviations between the
fitting and the experimental data may arise due to the sensitivity of the inverse Laplace
transform to the noise in the experimental data and the assumption on n(z), which in
principle, may encapsulate inhomogeneities in the solution.
5.5.2 Fluorescence decay rate calculations from EMT formulations
The experimental results of emission inside the metamaterial were then compared to calcu-
lations of the emission decay rates based on both local and non-local EMT, implemented
by one collaborators. To do so, a Green’s function formalism was used to analyse the
emission rate modification [33]. In this approach, the emission rate is proportional to the
imaginary part of the Green’s function, representing the electric field E generated by the









where Γ0 is the emission rate in free space, while Γ is the rate modified by the surrounding
environment and W0 is the power radiated by the dipole in free space and used as a
normalisation constant. Out-of-plane (z-direction) and in-plane polarised dipoles were
considered separately and the total emission rate was calculated as the weighted-average of
the two dipole directions. This assumption is related to a completely random distribution
of dye molecules inside the solution. The transfer matrix formalism was then used to take
into account the effect of multiple reflections of the dipole’s emission inside the composite
layer [222]. In the non-local case, two TM-polarised modes were considered as independent
emission channels. However, the obtained results suggest that the hyperbolic-like mode
dominates the emission in both elliptic and hyperbolic regimes, similar to what has been
previously reported in emission inside infinite idealised metamaterial [223].
According to Figure 5.12a, the local EMT predicts a strong enhancement of the decay rate
in the ENZ regime, in sharp contrast with the experimentally observed behaviour. At the
same time, the experimental data are in closer agreement with the predicted wavelength
dependence of the decay rate given by the non-local EMT. The remaining quantitative
difference between the predictions of the non-local EMT that averages the response of the
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composite and the experimental data stems from the strong dependence of the LDOS on
the position of the dipole within the unit cell. It is important to note that neither the local
nor non-local EMT calculations allow the discrimination of the emitter’s position in the
unit cell of the array. Therefore, both methods provide an estimate of the average lifetime.
Figure 5.12: Spectral dependence of the spontaneous emission lifetime modi-
fication. (a) Spectral dependence of the lifetime averaged over the dipole orientation:
(red) local theory, (black) non-local theory, (bars) experimental data corresponding to the
width of the lifetime distribution at 10% of the modal amplitude (Figure 5.11), (shaded
area) the width of the simulated lifetime distribution at 10% of the modal amplitude
obtained applying the inverse Laplace transform to the decay curves after the averaging
over the dipole position within the elementary cell of the metamaterial (Supplementary
Figure S3a). (b) Spectral dependence of the enhancement rate obtained with the non-
local theory (solid lines) and the full-wave numerical modelling at one position within
the metamaterial (dashed lines, position 3 in Supplementary Figure S3a): (black) the
metamaterial as in (a) used in the experiments (d = 50 nm, a = 100 nm) and (red) the
metamaterial with 50% unit cell (d = 25 nm, a = 50 nm) that yields an identical local
effective medium response.
5.5.3 Fluorescence decay rate calculations from numerical modelling
Numerical modelling was also performed using a pre-built model implemented in Comsol
Multiphysics software (Finite Element Method (FEM)). The enhancement of the decay
rate at various locations inside the nanorod metamaterial was calculated as a ratio of
power flow from a point dipole placed at a given position and the corresponding value
for a dipole in vacuum. In order to cross-check reliability of the numerical results, two
methods were used for the power flow estimation: 1) via a Poynting vector flux through a
small sphere (5 nm radius) enclosing the point dipole and 2) via the energy dissipation
rate of the dipole, W (r) = −12 Re [J
∗(r) ·E(r)], where E(r) is the electric field produced
by the dipole at the point of its location and J(r) is the dipole current. Both methods,
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related by the Poynting’s theorem, showed excellent agreement with each other. To take
into account the arbitrary orientation of an emitting dipole, the power flow was calculated
separately for emitters aligned with each coordinate axis, and the overall enhancement





Figure 5.13: Numerical simulations of the Purcell factor in metamaterials. (a)
Schematic of the metamaterial with the position of the emitters used in the simulations.
All the emitters are situated in the middle of the nanorod length. (b,c,d) Spectral
dependence of the Purcell factor for (b) a dipole with different orientations at position
3 inside the metamaterial, (c,d) a randomly oriented dipole at different positions inside
the nanorod metamaterial (as indicated in (a)) for the metamaterials with (b,c) period
a = 100 nm and nanorod radius r = 25 nm (as in the experiment) and (d) a = 50 nm
and r = 12.5 nm, corresponding to the same local effective medium parameters. The
coloured lines in (c, d) correspond to different sizes of the finite nanorod array used in
the simulations (as indicated in the legends) showing the convergence to the behaviour of
the infinite metamaterial; bars in (c) represent the experimental data corresponding to
the width of the lifetime distribution at 10% of the modal amplitude (Figure 5.11). In all
simulations, the internal quantum yield of the emitter was considered to be 1.
In order to simulate an infinite number of nanorods in the metamaterial, the number of
rods in the finite-size arrays was gradually increased with periodic boundary conditions on
the sides of the nanorod patch. The convergence of the Purcell factor with the number of
the nanorods within the simulation domain (Figure 5.13(c, d)) confirms that a 10× 10
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nanorod array with periodic boundary conditions can be used to analyse the behaviour of
a dipole in infinite metamaterial. The averaging over the dipole position within the unit
cell of the array of the metamaterial was performed, assuming a uniform distribution of
the emitters, with a position-dependent decay rate and local excitation efficiency, and the
excitation light illuminating the metamaterial from the substrate side. This yields the




−Ψ(r)Γ0td3r. The integration was
performed over the dye-filled volume within the elementary cell, taking into account the
density distribution of emitters n(r). Qloc(r) is a local quantum yield defining how much of
the emitted power is measured in the far-field. The local pump intensity was found to vary
by only 8% between 470 nm and 633 nm excitation wavelengths used in the experiment
and was averaged for these values. Since this equation yields a multi-exponential decay,
a similar procedure to the inverse Laplace transform was applied in order to recover the
theoretically predicted lifetime distribution.
From the results obtained, it can be seen from Figure 5.12a that the spectral dependences
of the enhancement of the emission rates observed either in experiments or from direct
numerical solutions of Maxwell’s equations have similar features. Both show a broad
spread of lifetimes at all emission wavelengths and a weak wavelength dependence of the
distribution. The experimental data show that the distribution of decay rate enhancements,
from 10 to 100 (for the high and low-lifetime cut-offs, respectively, at 10% of the modal
contribution), is almost independent of the wavelengths across elliptic, ENZ and hyperbolic
regimes. The results of Figure 5.13(c) also confirm the strong dependence of the LDOS on
the position of the dipole in the unit cell mentioned in the previous section.
5.5.4 Engineering emission lifetime with metamaterial non-locality
Adjusting the geometry and/or composition of a metamaterial opens the door for engi-
neering the quantum optics inside the composites. This is illustrated in Figure 5.12 where
the lifetime dynamics in the composite studied above are compared with the emission
dynamics in a similar metamaterial with nanorod diameter and unit cell dimensions
scaled by 50%. It is interesting to note that the reduction of the unit cell does not
make the optical response of metamaterial appear more local; i.e., it does not lead to the
enhancement of local density of states at ENZ and hyperbolic frequencies. Rather, 3D
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numerical simulations and non-local effective medium theory predict that the reduction of
unit cell size yields an order of magnitude higher broadband enhancement of decay rate
(Figure 5.12 and Figure 5.13(c, d)), despite the local effective medium parameters of the
metamaterial being the same. Note that both non-local EMT and numerical solutions of
Maxwell equations predict comparable enhancement of the decay rate as a result of the
unit cell reduction. As before, the quantitative difference between predictions of non-local
EMT and numerical solutions reflects the limitation of an effective medium response, that
nevertheless reveals the important physics and provides a relatively fast estimate of the
radiation decay enhancement. Numerical solutions of Maxwell equations enable one to
calculate the detailed optical response at any location at the expense of computational
complexity and time.
5.5.5 Validity of the different approaches
Local effective medium theories, under some conditions, provide an avenue to understand
and design transmission and reflection of composite media. However, as shown above, a
local EMT drastically fails when applied to calculations of a macroscopic Purcell effect.
At the same time, a non-local EMT can be used to calculate Purcell enhancement in
nanorod composites. From the fundamental science standpoint, non-local EMT provides a
quantitative description of the quantum optics of the composite, identifies the dominant
decay channels for the molecules, and can be used to engineer these channels. From the
applications standpoint, non-local EMT allows one to avoid complex and extremely time-
and memory-consuming numerical solutions of Maxwell equations for applications that
rely on macroscopic number of fluorophores, distributed throughout the composite. In
applications that require analysis of a position dependent Purcell effect, numerical solutions
of Maxwell equations cannot be avoided.
5.6 Conclusion
In summary, spontaneous radiation of an emitter inside nanorod-based metamaterials
exhibiting non-local electromagnetic behaviour was experimentally demonstrated and anal-
ysed theoretically and numerically. It was shown that the effect of structural non-locality,
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which results in the so-called additional electromagnetic modes in the metamaterial, has a
significant impact on the density of photonic states inside the composite media and, as the
result, quantum electrodynamic processes. The modal structure of a non-local composite
material has a major impact on spontaneous decay dynamics, setting a fundamental limit
on the overall emission rate enhancement and determines its spectral behaviour. Careful
consideration of the structural non-locality allows the design of the density of optical states,
with the geometrical parameters of the metamaterial composite, beyond the limitations of
the standard effective medium model, thus opening new opportunities for engineering and
tailoring quantum optical processes inside metamaterials.
Chapter 6
Spontaneous emission inside a
hyperbolic metamaterial
waveguide
Guided light is of particular importance to provide the capability of integrating new light
sources, such as single-photon sources, into new photonic devices. So far, most of the
studies have been focused on the effect of the local environment of the emitters on free-space
radiated emission, and the known experimental and theoretical studies were dominantly
limited to ”infinitely” thick bulk metamaterials. Hence, no significant interactions between
the slab boundaries were seen due to propagation losses, and effects related to waveguided
or cavity modes were suppressed. In this study, the spontaneous emission properties of
various dyes in a finite-size metamaterial design made of a nanorod-based planar waveguide
were investigated.
While an ”infinite” metamaterial was considered in the previous chapter, here, a planar
waveguide with finite structure, e.g. finite thickness, was studied. It was shown that the
structure of the guided modes plays a significant role in the modification of the spontaneous
emission properties. An enhancement of the fluorescence coupled to the waveguided
plasmon-polariton modes of the metamaterial was demonstrated. The spectrum and
lifetime of the emission could be controlled separately for TM and TE polarisations by
coupling to different modes of the waveguide.
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6.1 Samples
The set of samples used in these experiments were made of gold nanorod-based HMMs
embedded in a dye-doped polymethylmethacrylate (PMMA) matrix, as depicted in Figure
6.1. In order to probe the relationship between the Purcell factor and the specific regime
of the metamaterial dispersion, several organic dyes were chosen with their emission
wavelengths spanning the elliptic (εxx > 0, εzz > 0) and hyperbolic dispersion (εxx > 0 >
εzz) regimes of the metamaterial.
Figure 6.1: Gold nanorod-based hyperbolic metamaterial planar waveguide
(a) SEM image of the nanorod-based metamaterial after removal of the AAO template
(sample tilted at 30o) and (b) 3D (top panel) and 2D (bottom panel) schematics of the
dye-doped sample. The nanorods layer constitutes the planar waveguide, infinite in the
directions perpendicular to the nanorods length and confined in the direction parallel to
the nanorods.
Four identical samples were fabricated according to the process described in Chapter 4,
using gold electrodeposition into an AAO matrix, which was subsequently removed. In this
work, the metamaterial geometrical dimensions were approximately 38 nm rod diameter,
80 nm rod period and 150 nm rod length. The small geometrical parameters of a unit cell
compared to the wavelength of the incident light allowed the anisotropic behaviour of the
metamaterial to be described using an effective medium theory using the Maxwell-Garnett
approximation. Using a transfer matrix method, the effective dielectric permittivity of the
HMM could then be calculated. As shown in Figure 6.2, the nanorod-based metamaterial
embedded in PMMA shows the presence of an epsilon-near-zero (ENZ) range around
596 nm, corresponding to the effective plasma frequency ωeffp of the metamaterial for
which Re[εzz(ω
eff
p )] = 0. This represents the onset of the hyperbolic dispersion regime
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(grey area in Figure 6.2). Below this value, where all the components of the effective
dielectric permittivity are positive, the dispersion regime is known as elliptic.



























Figure 6.2: Effective dielectric permittivity of the nanorod-based system
embedded in PMMA. The greyed area represents the hyperbolic dispersion regime of
the metamaterial.
The dye-doped PMMA layer, with a doping concentration of 1.5 wt%, was then spin-
coated inside and on top of the metamaterial, forming a 50 nm overlayer above the
metamaterial. Four laser dyes (Rhodamine perchlorate dyes) with different emission
wavelengths distributed over a wide range of the visible spectrum were used: Rhodamine
590 (R590), Rhodamine 610 (R610), Rhodamine 640 (R640) and Rhodamine 700 (LD700).
Figure 6.3 shows the absorption and emission spectra of the four dyes. The emission peaks
of R590, R610 and R640 remain in the elliptic dispersion regime whereas the emission
peak of LD700 is located in the hyperbolic dispersion regime of the metamaterial.
Figure 6.3: (a) Absorption and (b) emission of rhodamine perchlorate dyes.
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6.2 Mode structure of the metamaterial waveguide
Figure 6.4 shows the experimental extinction spectra of the samples after annealing and
before deposition of the dye. These spectra are typical of nanorod-based metamaterials
and exhibit two distinct dipolar resonances: a transverse mode (T-mode), occurring at
shorter wavelengths (520 nm) and associated with the electron motion perpendicular to
the nanorod long axis and also a longitudinal mode (L-mode), excited when the electric
field of the incoming light has a component along the long axis of the rods, dominating
the spectrum at higher wavelengths (650 nm). The extinction spectrum of the sample
on which the LD700 dye was deposited exhibit a 15 nm blue-shift compared to the other
spectra. This could be due to a slight variation in the diameter of the pores after etching.
Figure 6.4: Experimental extinction spectra (−log(Transmission)) of the four
nanorod samples in AAO matrix after annealing at an angle of incidence of
45o.
The extinction spectra of the samples after deposition of the dye-doped PMMA layer are
shown in Figure 6.5. The presence of the dye-doped PMMA matrix resulted in a blue-shift
of the longitudinal mode to about 590 nm compared to the nanorods in their AAO matrix
as nPMMA < nAAO. Along with both transverse and longitudinal modes, a third small
peak corresponding to the absorption wavelengths of the dyes can be seen at different
wavelengths for each sample. In the case of the sample with LD700 dye, this peak appears
around 650 nm.
The experimental extinction spectra of the nanorod-based metamaterial embedded in the
LD700-doped layer were then modelled via transfer-matrix method, using an effective
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Figure 6.5: Experimental extinction spectra (−log(Transmission)) of the four
HMM samples after deposition of the dye-doped PMMA layers for different
angles of incidence of TM-polarised light together with the emission spectra
of the dyes. (a) R590 sample, (b) R610 sample, (c) R640 sample, (c) LD700 sample.
medium theory for TM-polarised light. However, the modelled extinction spectra for
the measured geometrical parameters were not in good agreement with the experimental
spectra. The cause for this mismatch has been attributed to the fact that the dye-doped
PMMA did not fully fill the space between the nanorods. To solve this issue in the
modelling of the system, the refractive index of the embedding medium was slightly
reduced from 1.49 (PMMA) to 1.41 to account for the partial filling of the layer. The
results of the modelling in various embedding media are depicted in Figure 6.6 for the
sample doped with LD700 and show a good agreement with the experimental spectra of
figures 6.4 and 6.5d. For indication, the extinction spectra of the gold nanorods in air are
depicted in figure 6.6b. In this case, the effective refractive index of the HMM is reduced
and the longitudinal mode is strongly blue-shifted resulting in an overlap between the
transverse and longitudinal modes.
In order to further study the mode structure of the metamaterial, the presence of waveguided
modes situated between the light-lines of the substrate and the superstrate was investigated,
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Figure 6.6: EMT modelling of extinction spectra of the nanorod samples in
various environments for different angles of incidence of TM-polarised light.
(a) Metamaterial in air, (b) Metamaterial in AAO matrix, (c) Metamaterial in LD700-
doped PMMA.
as depicted in Figures 6.8(a, c). These modes can be accessed in total internal reflection
using a prism coupler matched to the refractive index of the substrate, as depicted in
Figure 6.7a. A local EMT was also used in order to model the dispersions of reflection for
TE and TM polarisations (Figures 6.8(b, d)). It should be noted that while the local EMT
can reasonably well predict far-field linear optical properties of a nanorod metamaterial
[104] and waveguided modes [225], the Purcell effect can be significantly influenced by the
non-local response of the composite [226]. The local EMT was used to describe only the
waveguided mode structure of the metamaterial.
As evidenced by the experimental and modelled dispersions of reflection plotted in Figures
6.8(a, b), the metamaterial slab with the geometrical parameters considered here and in
the spectral range of interest acts as a waveguide for bulk plasmon-polariton modes for
TM-polarised waves. The mode observed exhibits almost flat dispersion near a wavelength
of about 680 nm and thus a low group velocity (υg). Therefore, a high LDOS (ρ) of the
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Figure 6.7: Schematics of experimental setups for the measurements of dis-
persions of reflection and photoluminescence. (a) ATR measurements (b) Photo-
luminescence measurements.
mode can be inferred since ρ ∝ 1/υg. Higher order TM modes, situated closer to the
effective plasma frequency of the metamaterial, could not be seen in the experimental
dispersion of reflection due to the large ohmic losses of gold in this spectral range. In that
same wavelength range, the slab also supports a single conventional TE mode similar to
transparent dielectric waveguides, as shown in Figures 6.8(c, d), since it is only affected by
the εxx = εyy > 0 components of the effective permittivity tensor of the metamaterial slab.
The strong spectral overlap between the TM1 mode of the metamaterial slab and the
emission spectrum of the bare LD700 dye (Figure 6.8), can lead to a significant coupling of
the emitted light into this mode. As a result of the random orientations of the molecules
inside the matrix, the emission of the dye can couple to both TE and TM modes of the
metamaterial. Spontaneous emission into the TM mode is however favoured due to the
large spectral overlap with the bare dye emission spectrum.
6.3 Photoluminescence coupled to the metamaterial mode
The coupling of the photoluminescence of the LD700 dye to the waveguided modes of the
metamaterial was probed by measuring the emission of the dye using radiation leakage for
Chapter 6. Spontaneous emission inside a hyperbolic metamaterial waveguide 102
Figure 6.8: Mode structure of the metamaterial slab. Reflection dispersions of
the metamaterial slab waveguide for (a, b) TM and (c, d) TE polarisations: (a, c)
experimental measurements and (b, d) EMT modelling. The position of the effective
plasma frequency of the metamaterial (solid horizontal line), the light line in air (grey
dotted line), the emission band of the LD700 dye (greyed region) and the peak emission
wavelengths of the other dyes studied (dashed lines, color coding as in figure 6.5.
both TE and TM polarisations. To do so, the measurements were performed in the same
configuration as reflection measurements, where the sample was placed in contact with a
hemi-cylindrical prism coupler and excited with a 5mW He-Ne laser, as depicted in Figure
6.7b. The spectral dependences of the PL intensity, for both TE and TM polarisations,
were separately measured for different detection angles and then normalised to the PL
spectrum near normal incidence (at an angle of 5o), revealing the influence of the coupling
to the waveguided mode. The quantum yields of the four emitters where measured by
a relative determination method, using the known quantum yield of R610 dye from the
literature (QR610 = 0.95). The following quantum yields were then obtained for the other
emitters: 0.54 for R590, 0.76 for R640 and 0.25 for LD700.
Figure 6.9a shows the experimental angular dispersion of the TM-polarised photolumi-
nescence, which follows the dispersion of the TM waveguided mode. This indicates the
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Figure 6.9: Emission in waveguided modes. (a, c) Experimental dispersions of the
photoluminescence enhancement measured for (a) TM and (b) TE polarised emission.
The PL spectra are normalised to the PL spectrum near normal detection (5o). The
position of the TM and TE modes from Figures 6.8(a, c) are added as a guide to the eye.
The position of the light line in air (grey dotted line), the emission band of the LD700
dye (greyed region) are represented. (b, d) Spectra of the photoluminescence measured
for the LD700-doped PMMA on a glass substrate and in the metamaterial at a detection
angle of 5o, 60o (in (b)), 70o (in (d)) and the corresponding reflectance spectra for (b)
TM and (d) TE polarised light. The PL spectra on glass and near normal detection are
normalised to 1, the PL spectrum at higher angles of detection are normalised to the
maximum intensity measured at 5o.
predominant coupling of the emission to the mode, where the photoluminescence intensity
is 2.5 times stronger than the photoluminescence intensity scattered directly into free-space,
despite the additional losses associated with the waveguiding of bulk plasmon-polaritons
in the metamaterial slab. According to Figure 6.9b, a red-shift of the emission maximum
is observed with respect to the emission of LD700 in a PMMA matrix deposited on a
glass substrate. This shift is consistent with the dispersion profile of the guided mode
and is determined by the overlap of the LDOS associated with the mode, the dipolar
emission spectrum of the fluorophores inside the metamaterial layer and their spatial
distribution inside the nanorod array. Even higher emission enhancements can in principle
be achieved by further adjusting the waveguide dispersion to the emission spectrum of the
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fluorophores, which can be done by carefully varying the thickness of the metamaterial
waveguide. Similarly to the TM-polarized PL, the TE-polarised photoluminescence follows
the dispersion of the TE waveguided mode but the intensity increase is however lower than
for the TM-polarised waveguided emission as shown in Figure 6.9c. It should be noted
that the high relative intensity increase in Figure 6.9c can be seen at the wavelengths
away from the emission peak in the polymer matrix, which corresponds to the wavelength
range where the overall PL intensity is very low (Figure 6.9d), causing a high relative
enhancement.
6.4 Time-resolved photoluminescence
The spontaneous emission rate of the four laser dyes was then investigated on a glass
substrate as well as inside the metamaterial using the TCSPC setup described in Chapter
4. TM-polarized excitation light (532 nm for R590/R610/R640 and 633 nm for LD700)
was focused on the sample with a 4x, NA = 0.10 objective and the resulting PL collected
by a high numerical aperture objective (90x, NA = 0.90), within a 64o angle range,
corresponding to the numerical aperture of the objective. Different filters were used to
remove the laser contribution to the measured light. Time-resolved PL decays of the
emitters were measured inside the metamaterial and in a polymer matrix for reference.
Although the emission wavelengths of the R590, R610 and R640 dyes are outside the region
of the bulk plasmon-polariton modes, they all remain close to the ENZ wavelength range
and experience the influence of their local electromagnetic environment. The contribution
of all optical modes available for the emitters to decay was measured, collecting all the
emission angles up to the numerical aperture of the objective used. While mono-exponential
decays of the photoluminescence have been observed for the emitters in a PMMA layer
deposited on glass, a more complicated decay profile has been measured for the emitters
placed inside the metamaterial as depicted in Figures 6.10(a, c). This is consistent with a
distance and polarisation dependent distribution of the emitters within the nanorod-based
metamaterial, leading to a distribution of the spontaneous decay rates [169] and thus,
multi-exponential decays of the photoluminescence. In order to analyse the emitters decay
dynamics, the inverse Laplace transform method described in chapter 4 was used to extract
the distribution of lifetimes shown in Figures 6.10(b, d).





























































































Figure 6.10: Fluorescence dynamics of the emitters and fluorescence lifetime
distributions. (a, c) Fluorescence dynamics of the four dyes embedded in a PMMA
layer and deposited (a) on a glass substrate and (c) inside the metamaterial. Solid lines
represent the dynamics recovered by applying an inverse Laplace transform method to the
experimental data (dotted lines). (b, d) Experimental fluorescence lifetime distributions
extracted from the time-resolved photoluminescence measurements (b) on a glass substrate
and (d) inside the metamaterial.
While the different dyes exhibit fluorescence lifetimes comprised between 2 and 3 ns
when embedded in an uniform PMMA matrix, strongly modified decay rates have been
observed for all emitters when constrained by the metamaterial as shown in Figure 6.10(c,
d). The lifetime distributions observed in Figure 6.10(b, d) are strongly determined by
the emitters’ positions within the metamaterial and may be strongly influenced by its
non-local response [226]. Indeed, on a microscopic level beyond the effective medium
approximation, such nanorod-based metamaterials support cylindrical surface plasmons
close to the emission wavelength of the dyes emitting both in the elliptic and hyperbolic
dispersion regimes [105, 223]. In this case, a strong enhancement of the spontaneous
emission of emitters placed in the vicinity of the nanorods is predicted [169]. For the
emitters in the metamaterial environment, two distinct families of lifetimes are observed
(Figure 6.10d), one corresponding to a lifetime reduction of 2-3 times and the other with a
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broad distribution which corresponds to the strongest decay reduction of almost 50 times.
6.5 Numerical simulations
A pre-built model implemented in Comsol Multiphysics software was then employed for
the numerical simulations of the spontaneous emission properties of a emitter inside or in
the vicinity of the nanorod array. The full-vectorial numerical modelling takes into account
the local fields, which were not described by the local EMT. The nonlocal corrections for
the waveguided modes considered in this work is estimated from comparison between the
EMT and numerical simulations to be of the order of a few percent. In these simulations,
the modification of the decay rate was determined as the ratio of power flow flux from a
point dipole emulating the dye emitter placed at a given position inside or outside the
metamaterial to the corresponding power flow for a dipole in uniform PMMA [111]. In
order to model an infinite nanorod array, finite-size square arrays were modelled with
their sizes gradually increased, while the convergence of the results was monitored. The
simulation domain was surrounded by a set of perfectly matched layers ensuring the
absence of reflections form the outer boundaries. The observed results revealed that a
8× 8 nanorod array can be used to analyse the dye emission in an infinite metamaterial
slab. The two same methods described in Chapter 5 were used in order to calculate the
power flow flux F (r). The first method consisted in integrating the Poynting vector over a
surface of a small sphere of radius 5 nm enclosing the point dipole, while the second used
the dipole energy dissipation rate W (r) = −12 Re [J
∗(r) ·E(r)], where E(r) is the electric
field of the dipole at the position of the dipole and J(r) is the dipole current. To take into
account the arbitrary orientation of emitting dipole, the power flow flux was calculated
separately for dipoles directed along each of the coordinate axes, and the averaged value





By comparing the experimental results to the numerical simulations, these two families of
lifetimes can be ascribed to the emitters situated in a polymer layer above the metamaterial
(weak decay rate modification) and within the metamaterial (strong decay rate modifi-
cation). Numerical modelling confirms a strong position dependence of the spontaneous
emission rate with respect to the nanorod in both lateral directions (xy-directions) as
well as with respect to the surface of the metamaterial waveguide (z-direction). This is
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illustrated by the simulated power flow along the waveguide for the emitters at different
positions within the waveguide. In particular, the efficient coupling to the TM1 mode,
observed experimentally in Figure 6.9a is confirmed by the simulations (Figure 6.11d). In
a good correspondence between simulations and experiment, the TM mode is narrower
and TE mode is much broader. As expected, the most efficient coupling to TE and TM
modes is achieved for the emitters at different positions in the metamaterial slab as it























































































Figure 6.11: Numerical simulations of the spontaneous emission rate modifi-
cation inside a nanorod-based HMM. (a) Left panel: Side and top views of a 4× 4
nanorod array. The eight coloured dots represent the different positions of the dipoles
considered in the simulations. Right panel: intensity profiles of TE-polarised (|Ex|2) and
TM-polarised (|Ez|2) modes propagating in the y-direction. (b) Spectral dependence
of the lifetime averaged over the dipole orientation for different locations of the dipoles
represented in (a). The black vertical bars correspond to the experimental data related
to the width of the lifetime distribution at 50 % of the modal amplitude for both peaks
in Figure 6.10d). (c, d) Side power flow integrated over an 8 × 8 nanorod array for
different locations of a dipole oriented in the (c) x-direction and (d) z-direction inside the
metamaterial (colour coding as in (c)).
The fluorescence processes inside the nanostructured composite have a complex nature.
Emitters situated inside metamaterials are always influenced by the near-field of adjacent
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nanorods where the electromagnetic field is dominated by high-wavevector components
[219]. In this case, a conventional EMT theory, which does not account for internal local
fields, is not applicable, and the interaction of the near-field with the exact nanorod
geometry needs to be considered. It should be noted, however, that the extension of EMT
to take into account the non-local effects, allows a partial description of local plasmonic
fields and thus related fluorescence processes [105, 226]. At certain wavelengths, this
near-field-mediated emission may then be coupled to a set of the metamaterial slab modes
[169, 217]. These modes can be adequately described by the EMT and describe the
fluorescence evolution in the far-field of the emitter and its outcoupling to free-space.
The transition dipole moments of the dye molecules dispersed in PMMA have random
orientations. Hence, they can emit into both TM and TE modes of the metamaterial
slab and subsequently out-couple in free space beyond the metamaterial. The emission
efficiency in each particular mode depends on the emitter position with respect to the
adjacent nanorods, dipole moment orientation and the field distribution of the slab modes
at the emission frequency.
The role of the availability of the slab modes can be clearly seen in the experimental
results (Figure 6.9(a, c)): at lower frequencies, the emission into the metamaterial slab is
dominated by the TE-polarised mode, while at ≈ 1.8 eV (corresponding to the wavelength
of 700 nm), the TM mode starts to play an essential role. The same can be observed in
the numerical results (Figure 6.11(c, d)). The coupling to the TM mode is efficient only
for the dipole located at the quarter-rod height. This is due to the field overlap with the
available waveguided mode strongly localized near metamaterial-substrate interface (right
panel of Figure 6.11a), whereas the TE mode profile extends across the metamaterial slab.
The integrated free-space emission following outcoupling of the modes in the substrate and
superstrate, integrated over all angles in glass and in PMMA amounts to 5—16 % of the
intensity emitted by the dipole in the slab. For example, for the wavelength of 670 nm, 8
% of the total emission is outcoupled in the superstrate and 5 % in the substrate for the
dipole in the centre of the unit cell (purple dipole in left panel of Figure 6.11a) as shown in
Figure 6.12a. The remaining energy is coupled to the metamaterial modes and eventually
dissipated. At the same time for the dipoles diagonally located inside the metamaterial
(green dipole in left panel of Figure 6.11a), the out-coupling efficiency in free space is
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Figure 6.12: Spectral dependence of the emission intensity of the dipole into
various channels for different positions of the dipole in the unit cell. Percentage
of the total emission intensity of the dipole coupled to the waveguided mode of the system,
and outcoupled to free-space in the substrate or the superstrate for the dipole (a) at 1/2
rod height, central position, (b) at 1/2 rod height, diagonal position, (c) in the overlayer,
above a rod and (d) in the overlayer, in between rods. The colour coding is as in Figure
6.11.
only 1-6 %, depending on the emission wavelength, as the quenching is higher for these
positions of the emitters, since they are located closer to the nanorods (Figure 6.12b).
Similarly, for emitters outside but in the near-field proximity of the metamaterial slab
(dark blue dipole in left panel of Figure 6.11a), free-space radiation accounts for 10-18 %
of the total radiation depending on the wavelength, with, for a wavelength of 670 nm, 8 %
of the total emission directed in the superstrate and 7 % in the substrate primarily via the
metamaterial mode (Figure 6.12d). The rest of the emission is coupled to truly-waveguided
metamaterial modes which are not coupled to the superstrate and dissipated. For the
emitters situated above individual rods (light blue dipole in left panel of Figure 6.11c),
the coupling to free-space radiation corresponds to 4-10 % depending on the wavelength,
with at 670 nm, 4 % emitted in the superstrate and 3 % in the substrate (Figure 6.12e).
Therefore, far-field emission efficiency is not strongly dependent upon whether emitters are
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placed inside or outside the metamaterial since the high density of optical states ensures
significant emission radiation in the waveguided metamaterial modes.
These observations also confirm that the mode structure of the metamaterial layer or
resonators may have a more significant role in the waveguided or free-space emission
intensity, while the rate enhancement effect is, to a large extent, determined by the local
fields near the nanorods [221]. Thus, despite the high Purcell factor observed for certain
emitter locations, the overall intensity enhancement is moderate, due to the averaging over
all the positions of the emitters inside the metamaterial. Nevertheless, in the experiments
with precisely positioned single molecules, both strong reduction of the lifetime and increase
of the total emitted intensity should be pronounced. In the nanorod metamaterial, the
ultimate limit of the lifetime shortening is defined by the practical cut-off of the available
modes with large wavevectors associated with cylindrical surface plasmons of the nanorods
and their interaction as well as material losses [226]. Smaller separations and lower losses
would allow higher-wavevector modes accepted by the metamaterial composite, and the
practical limit is defined by the available fabrication methods. Other factors limiting the
lifetime shortening are related to the emitters’ positioning [226] and their non-negligible
size [96].
Effective quantum yield is another important consideration for spontaneous emission
engineering in addition to the decay rate. Various plasmonic nanoantennas provide modest
rate enhancements with reasonably good quantum yield but the emission is radiated in
free space. For practical, integrated optics applications, the coupling to waveguided modes
is beneficial, which can be achieved with the proposed approach. The propagation lengths
of the TM hyperbolic waveguided modes in a plasmonic metamaterial are quite small
due to the strong field confinement and are on the order of a few µm depending on the
wavelength, as estimated from numerical simulations, which corresponds to few hundreds
of nanorods. However, such metamaterial waveguides can be seamlessly integrated in
low-loss (e.g., Si-based) waveguides [227] for making use of bright and fast light sources
provided by high Purcell enhancement. The interplay between the emission rate increase,
the quantum yield (influenced by non-radiative quenching), and coupling to a required
waveguided mode strongly depends on the position of the emitters with respect to the
nanorod forming the metamaterial as was shown in [226] and in this work.
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6.6 Conclusion
In this chapter, the spontaneous emission inside a hyperbolic metamaterial slab has been
investigated and the role of the waveguided modes of the metamaterial layer in this process
has been highlighted. A very strong, almost 50-fold, acceleration of the spontaneous decay
has been observed for emitters inside the metamaterial slab, which is strongly position
dependent. At the same time, only weak rate modification (2-3 times) was observed for
the emitters in the proximity to the metamaterial waveguide interface. In both cases, up
to approximately 18% of the radiation, depending on the emitter position with respect to
the nanorods, is coupled to far-field radiation in the substrate and the superstrate, with
the remaining energy coupled to the true waveguided modes of the slab. These results
demonstrate the capability of such active hyperbolic metamaterials to exhibit highly
tuneable electromagnetic properties for the design of integratable enhanced and fast light
sources for various nanophotonic components with the potential to enable the creation
of highly integrated single-photon sources. The emission coupled to a metamaterial
waveguide can be accessed by incorporating a metamaterial slab in or onto dielectric
photonic waveguides, including Si photonic circuitry. Spontaneous emission modification
inside hyperbolic metamaterial waveguides can also be implemented in other systems, such
as metal-dielectric multilayers or natural hyperbolic materials, potentially allowing a more
controllable positioning of the emitters inside the waveguide.
Chapter 7
Spontaneous emission
enhancement of a long-lifetime
Ruthenium complex in
metamaterials
Phosphorescent dyes typically show long lifetimes compared to conventional fluorescent
dyes, owing to the nature of the transitions involved in the spontaneous emission process. In
this chapter, the spontaneous emission of a Ruthenium complex Ru(dpp)3Cl2 is studied in
different material environments. Very large reductions of the spontaneous emission lifetime
are shown for emitters placed on a thin gold film and inside a nanorod-based hyperbolic
metamaterial, reaching factors up to 2800. The key mechanism of the enhancement, in
this case, failed to be predicted by the standard electromagnetic local density of states
description, typically employed for the Purcell factor analysis of dipolar transitions.
7.1 Ruthenium complex
In this study, Ruthenium-tris(4,7-diphenyl-1,10-phenanthroline) dichloride complex dis-
solved in both water and glycerol was used at a concentration of 4× 10−6 mol.L−1. Figure
7.1 depicts the structural formula of the complex.
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Figure 7.1: Structural formula of Ruthenium-tris(4,7-diphenyl-1,10-
phenanthroline) dichloride complex.
Ru(dpp)3Cl2 is a transition metal complex which is constituted of a central ion of Ru
2+
surrounded by 3 diphenyl-phenanthroline ligand molecules to form the complex. Due to
the presence of the ligands, these complexes exhibit unique electronic transitions involving
charge transfer from the d-orbitals of the metal to the ligands which are called metal-to-
ligand charge-transfer (MLCT) states. Following absorption to the MLCT singlet state,
fast and efficient intersystem crossing occurs and electrons relax to the triplet MLCT state.
Emission from this triplet state is classified as phosphorescence and exhibits lifetimes
typically of the order of several microseconds, shorter than usual phosphorescent states
lifetimes [11]. This efficient intersystem crossing and reduced lifetime of the triplet excited
state is due to the presence of the Ruthenium transition-metal ion, inducing strong spin-
orbit interactions and leading to the mixing between the singlet and triplet excited states.
This mixing ultimately enables the theoretically spin-forbidden triplet to ground-state
transitions and therefore increases the efficiency of the phosphorescence process [228, 229].
Is is also worth mentioning that the emission of this complex is strongly reduced by the
presence of oxygen due to dynamic quenching.
7.2 Nanorod metamaterial
As in the previous chapters, the nanorod-based metamaterial was fabricated by gold
electrodeposition into highly ordered nanoporous AAO on a glass coverslip, using the
two-step anodisation procedure described in Chapter 4. The geometrical parameters of
the nanorod-based metamaterial used in the following experiments were approximately
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50 nm rod diameter, 100 nm rod spacing and 150 nm rod length. Figure 7.2 depicts the
extinction spectra of the free-standing nanorod-based metamaterial.
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Figure 7.2: Experimental extinction spectra (−log(Transmission)) of the free-
standing nanorod-based metamaterial.
Employing the TCSPC technique described in Chapter 4, the decay dynamics of the
Ruthenium complex in both water and glycerol were measured. Three material environ-
ments have been considered: a glass substrate, a 50 nm gold film and the nanorod-based
metamaterial. For this study, a 475 nm excitation wavelength was chosen, according to the
absorption spectrum of the complex. The laser beam was focused on the sample using a
100× oil immersion objective with a numerical aperture of 1.3 and the photoluminescence
signal collected via the same objective. A 488 nm longpass dichroic mirror and a bandpass
filter (620 nm, bandwidth 40 nm) centered on the emission peak of the complex were used
for the lifetime measurements. Fluorescence spectroscopy has also been performed for the
emitter on glass and inside the metamaterial.
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7.3 Experimental results
7.3.1 Ru(dpp)3Cl2 in water
The results of the time-resolved study of the Ruthenium complex in water for different
material environments are presented in Figure 7.3. The experimental decay dynamics
are represented in Figure 7.3a together with the fit performed using the inverse Laplace
transform method described in Chapter 4. The corresponding lifetime distributions are
shown in Figure 7.3b.
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Figure 7.3: Time-resolved analysis of Ru(dpp)3Cl2 in water. (a) Emission dy-
namics and (b) lifetime distributions for the emitters on a glass substrate (blue), on a
50 nm thick gold film (green) and inside the nanorod-based metamaterial (red). In (a),
the dotted lines represent the experimental measurement and the solid lines are the fit
performed using the inverse Laplace transform method.
In the case of the complex deposited on glass, the experimental decay dynamics is mono-
exponential with a component of the lifetime distribution centered around 830 ns. The
measurements on the gold film and inside the nanorod-based metamaterial exhibit much
more complicated decay dynamics. For emitters placed on the gold film, the dependence
of the lifetime on the position of the emitters with regard to the gold surface led to a
multi-exponential decay, as can be seen from Figure 7.3(a, b). The gold-film modified
distribution is centred on 3.8 ns, corresponding to the Purcell factor of approximately
220. The large span of the lifetime distribution is mainly related to the distance and
polarisation dependent distribution of the emitters with regard to the environments but
can also be influenced by the level of noise in the experimental data.
Chapter 7. Spontaneous emission of a Ruthenium complex 116
The dynamics of the emitters, modified by the presence of nearby plasmonic surfaces, in
particular made of noble metals, is well understood. As described in Chapters 3 and 5, the
modification of the spontaneous emission lifetime is mainly due to mirror-reflected waves,
excitation of surface waves and quenching [111], which all apply in this case. Therefore,
the theoretical prediction of the distribution on the gold film was then obtained using the
theoretical formulation of the Purcell enhancement near a gold film developed in Chapter
5 section 5.5.1. This method takes into account the position with regard to the metallic
surface and the spatial orientation of the emitter, as well as the experimentally measured
lifetime distribution of the Ruthenium complex on glass slide. An internal quantum yield of






























Figure 7.4: Theoretical lifetime distributions above the smooth gold surface
recalculated from the measured lifetime distributions of the complex in water
deposited on glass for different depth of focus (dof). Lines with symbols are
experimental data measured on glass and above the gold film, lines only are the theoretical
estimations.
From the results depicted in Figure 7.4, it is observed that even for a very small depths of
focus (which is not realistic in the conducted experiments), the theoretical estimations
of the lifetime distributions on the gold film remain orders of magnitude larger than the
lifetime distributions observed in experiments. It is worth noting that this fitting approach
was conducted on conventional fluorescent dyes in Chapter 5 and led to a good agreement
between theoretical and experimental approaches, verifying the validity of the method.
The Ruthenium complex in water was then deposited inside the nanorod-based hyperbolic
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metamaterial, following removal of the AAO template in which the nanorods were electro-
chemically grown. The resulting time dynamics and lifetime distributions are shown in
Figure 7.3(a, b). The distribution shows a maximum peak around 0.28 ns, corresponding
to an almost 3000-fold enhancement of the spontaneous emission lifetime. As described
in Chapter 5, local effective properties of the metamaterial cannot be directly employed
for the calculation of the emitters’ dynamics. However, a comprehensive analysis of the
decay rates of emitters inside a nanorod-based metamaterial, taking into account spatial
averages and non-local corrections was developed [226]. Being proven to predict the correct
decay rates in the case of widely used dipolar fluorophores, the theory predict an averaged
Purcell enhancement of about 30, also consistent with other reports. However, in the
reported case and similarly to the gold film scenario, the proven theoretical description
fails to predict the modification of the spontaneous emission lifetime. Therefore, this
approach relying on the modification of the LDOS appears to be inapplicable in the case
of phosphorescent emission.
The emission spectra of the complex on glass and inside the metamaterial are depicted
in Figure 7.5. A slight red-shift of the emission inside the metamaterial is observed with
regard to the complex deposited on glass, owing to the interaction with the nanorods.
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Figure 7.5: Emission spectra of Ru(dpp)3Cl2 in water. Emission spectra on a glass
substrate (blue) and inside the nanorod-based metamaterial (red).
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7.3.2 Ru(dpp)3Cl2 in glycerol
As mentioned above, this complex has shown to be an efficient oxygen sensor. In order to
minimise the effect of oxygen in the lifetime measurements, the same experiments were
also conducted in glycerol, which is much more viscous than water and therefore limits
the dynamic quenching from molecular oxygen. Fluorescence spectroscopy was performed
for the complex on glass and inside the metamaterial as shown in Figure 7.6, where again
the emission spectrum inside the metamaterial exhibits a slight red-shift compared to the
emitter on glass.
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Figure 7.6: Emission spectra of Ru(dpp)3Cl2 in glycerol Emission spectra on a
glass substrate (blue) and inside the nanorod-based metamaterial (red).
The results from the time-resolved analysis on different substrates can be observed in
Figure 7.7a, where the complex exhibits a mono-exponential decay when deposited on
glass and multi-exponential decays in the case of the gold film and the metamaterial. The
corresponding lifetime distributions are depicted in Figure 7.7b. The lifetime distribution
in the case of glass is centered around 4500 ns. An almost 1000-fold reduction of the
lifetime is observed when the emitter is placed near the gold surface and a 2650-fold
reduction in the case of the emitters inside the metamaterial.
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Figure 7.7: Time-resolved analysis of Ru(dpp)3Cl2 in glycerol. (a) Emission
dynamics and (b) lifetime distributions for the emitters on a glass substrate (blue), on a
50 nm thick gold film (green) and inside the nanorod-based metamaterial (red). In (a),
the dotted lines represent the experimental measurement and the solid lines are the fit
performed using the inverse Laplace transform method.
In this case also, a theoretical prediction of the distribution on the gold film was obtained
from the experimental distribution on glass for different depths of focus, as represented in
7.8. The same conclusion as for the complex in water can be observed and confirm the































Figure 7.8: Theoretical lifetime distributions above the smooth gold surface
recalculated from the measured lifetime distributions of the complex in water
deposited on glass for different depth of focus (dof). Lines with symbols are
experimental data measured on glass and above the gold film, lines only are the theoretical
estimations.
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7.4 Conclusion
In this experimental study, a very large enhancement of the spontaneous emission lifetime
of a Ruthenium-based complex has been demonstrated in various plasmonic environments
including a nanorod-based hyperbolic metamaterial, for which the enhancement factor
reached a factor of almost 3000. In this context, the modification of the spontaneous
lifetime of the complex could not be predicted by the standard electromagnetic local density
of states description, employed for the analysis of fluorescent dyes. This could potentially
be attributed to the specific nature of the transitions involved in the emission process.
From an application point of view, the large range of spontaneous emission lifetimes
available enables the development of novel fast and efficient light-emitting sources.
Chapter 8
Förster Resonance Energy
Transfer inside a gold
nanorod-based hyperbolic
metamaterial
Förster resonance energy transfer is a powerful tool used in various domains ranging from
bioapplications, in order to measure distances between two fluorescent emitters at the
nanoscale, to organic photovoltaics and light-emitting devices. However, FRET is limited
to ranges up to 10 nm due to a dependence on the distance between donor and acceptor to
the sixth power, and enhancing the energy transfer would allow to extend the possibilities
of FRET. As shown in the previous chapters, the engineering of the LDOS in the vicinity
of emitters using nanostructured environments with appropriate electromagnetic properties
has been shown to greatly enhance their spontaneous emission properties. Hence, the
possibility of using these engineered environments to control the energy transfer between
emitters has recently gained a lot of interest.
As described in Chapter 3, experimental studies on energy transfer in different material
environments with engineered LDOS have led to controversial results. Therefore, the
question of the dependence of the energy transfer on the modification of the LDOS remains
open. As well as experimental studies, several theoretical studies generally based on the
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calculation of Green functions have been performed. A linear dependence of the energy
transfer rate on the donor emission dynamics, suggested in several experiments, was also
supported by a theoretical work by Dung et al. [230], while a quadratic dependence on
the LDOS was experimentally shown and modelled by Nakamura in [176, 177]. Several
other theoretical developments also demonstrated that Förster energy transfer rates were
independent of the modification of the LDOS [180, 183, 231] but highly dependent on the
positioning of the donor-acceptor pairs with regard to the material environment.
In this chapter, the energy transfer between a donor-acceptor pair on double stranded
DNA linkers located in different plasmonic environments was investigated. While a gold
film provides only a moderate enhancement of the LDOS, emitters placed inside a gold
nanorod-based hyperbolic metamaterial experience a high enhancement of the LDOS,
leading up to a 13-fold increase of the FRET rate. The FRET efficiencies as well as the
free-space emission intensities of the acceptor have also been studied.
8.1 Donor-acceptor pair
8.1.1 Molecules
For this study, donor-acceptor pairs are constituted of ATTO 550 and ATTO 647N
molecules. Table 8.1 shows a few properties such as absorption and emission peak
wavelengths as well as the quantum yield of these two dyes. These dyes typically exhibit
strong absorption, high fluorescence quantum yield and high photostability. As presented
in Figure 8.1, the normalised emission spectrum of the donor and the normalised absorption
spectrum of the acceptor show a spectral overlap which is one of the key condition for
FRET to be able to occur. The Förster radius, R0, for these two molecules in pure water
is equal to 6.5 nm.
Table 8.1: Properties of ATTO dyes
ATTO 550 ATTO 647N
Absorption peak (nm) 554 646
Emission peak (nm) 576 664
Quantum yield (%) 80 65
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Figure 8.1: Absorption (dashed lines) and emission (solid lines) spectra of
ATTO 550 and ATTO 647N dyes. The blue shaded area represents the spectral
overlap between the emission of the donor (ATTO 550) and the absorption of the acceptor
(ATTO 647N).
8.1.2 Hybridisation
In order to control the separation between donor and acceptor, the emitters are attached to
complementary single-stranded DNA oligonucleotides of known lengths and then hybridised.
Three different lengths of DNA strands were used: 10, 20 and 30 base pairs respectively
corresponding to 3.4 nm, 6.8 nm and 10.2 nm, providing three different FRET efficiencies.
Table 8.2 shows the modified complementary DNA sequences.
Table 8.2: Properties of oligonucleotides
Name Sequence (5′ → 3′) Modification
Donor 30 GTGATCGCAGCAAACGTCGGCTTCCAGGAC 5′ −ATTO550
Acceptor 30 GTCCTGGAAGCCGACGTTTGCTGCGATCAC 5′ −ATTO647
Donor 20 GTGATCGCAGCAAACGTCGG 5′ −ATTO550
Acceptor 20 CCGACGTTTGCTGCGATCAC 5′ −ATTO647
Donor 10 GTGATCGCAG 5′ −ATTO550
Acceptor 10 CTGCGATCAC 5′ −ATTO647
Prior to hybridisation, the complementary oligonucleotides were resuspended at the same
molar concentration (100 µmol.L−1) in an annealing buffer composed of 10 mmol.L−1
Tris-HCL, 1 mmol.L−1 EDTA and 30 mmol.L−1 NaCl. The pH of the solution was then
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adjusted to 7.85 with NaOH. Equal volumes of both complementary strands were then
mixed and heated at 90◦C for 5 minutes and cooled to room temperature for an hour.
8.1.3 Polyacrylamide gel electrophoresis
A gel electrophoresis [232], allowing the separation of the DNA fragments based on their
sizes, was performed to verify the hydridisation of the modified single DNA strands. The
type of polymer and the concentration used for the gel are typically chosen with regard
to the length of the DNA strands to resolve. Higher gel concentrations result in a larger
polymer to water ratio and thus smaller pores. In order to separate short fragments of
DNA, typically in the range of 1 to 500 base pairs, a 20 % polyacrylamide gel was chosen
in this study. A dense loading buffer containing a tracking dye (BlueJuiceTMgel loading
buffer, Invitrogen) was then added to the samples and to a DNA ladder in order to ease
the loading of the samples into the wells and to make the DNA fragments visible in the
gel. A DNA ladder contains fragments of DNA of known lengths that can be run at the
same time as the samples for reference.
Figure 8.2: Polyacrylamide gel electrophoresis. a. Schematic of gel electrophoresis
setup, b. Result of polyacrylamide gel electrophoresis for the double stranded DNA
fragments.
To perform the electrophoresis, the gel was mounted in a gel-casting chamber. The top
and bottom of the gel were immersed in a conductive buffer respectively containing a
cathode and an anode. By applying an electric field through the porous gel (150 V for
75 minutes), the negatively charged DNA strands loaded in small wells at the top of the
gel were pulled towards the positive electrode as shown in Figure 8.2a. The velocity of
migration of the fragments being inversely proportional to their lengths, the separation of
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the sample’s constituents led to distinct bands that could be compared to the bands of
the DNA ladder. The gel was finally disassembled, rinsed and stained with a dye which
binds to DNA (SYBR R© gold) in order to be revealed under UV light.
Figure 8.2b shows the result of the gel electrophoresis after revelation. Line N◦1, 2, 3 and
4 respectively contained the 10, 20 and 30 base pairs DNA samples and the DNA ladder
(10 bp DNA Ladder, Invitrogen). As predicted, the shorter DNA strands migrated quicker
than the longer ones through the gel and therefore covered longer distances. By comparing
the bands of the DNA ladder to the samples, the correct lengths (10 bp, 20 bp and 30
bp) of the DNA samples were observed. Despite the quite clear result shown by the gel
electrophoresis on the hybridization of the complementary DNA strands, the quality of
the bands obtained was not optimal. The presence of diffused bands and ”smiling” of the
bands could have been the result of an inhomogeneous heat buildup in the gel or an excess
of DNA [233].
8.2 Samples
In this experimental study, five different environments were considered in order to inves-
tigate the dependence of the LDOS on the energy transfer between the donor and the
acceptor: a glass coverslip was used as a reference sample while a gold thin film (50 nm
thickness) and a gold nanorod-based metamaterial with and without its AAO template,
allowing the donor-acceptor pairs to be located inside and on top of the metamaterial were
considered. A free-standing polymer coated gold nanorod-based metamaterial was also
investigated to limit quenching of the emission intensity for donor-acceptor pairs located
close to each individual nanorod. Figure 8.3 depicts the different environments used.
8.2.1 Nanorod metamaterial
The nanorod-based metamaterials were fabricated by gold electrodeposition into a highly
ordered nanoporous AAO templates on glass coverslips following the method described
in Chapter 4. The geometrical parameters of the nanorod arrays used in the following
experiments are 48 nm diameter, 100 nm period and 250 nm height. The AAO template
of the sample was subsequently dissolved in order to obtain free-standing nanorods. Figure
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Figure 8.3: Samples used for FRET study. (a) Donor-acceptor pairs on glass, (b)
on a 50 nm thick gold film, (c) inside the free-standing gold nanorod-based metamaterial,
(d) on top of the gold nanorod-based metamaterial and (e) inside the polymer coated
gold nanorod-based metamaterial.
8.4(a) depicts a SEM image of the gold nanorod-based metamaterial sample used in the
following experiments and Figure 8.4(b, c) shows the optical properties of this sample in
air and in water, respectively.
(a) (b) (c)
Figure 8.4: Free-standing gold nanorod-based hyperbolic metamaterial.
(a) SEM image of the sample tilted at 45o, (b,c) Experimental extinction spectra
(−log(Transmission)) of the free-standing gold nanorod-based metamaterial in (a) air
and (b) water for different angles of incidence of TM-polarised light.
An additional sample with the same geometrical parameters was then fabricated in order to
study the energy transfer for donor-acceptor pairs located on top of the metamaterial. Due
to the fabrication process, a layer of porous AAO remained on top of the gold nanorods as
depicted in Figure 8.3d. Ideally, this top layer of AAO could be milled in order to obtain
a flat top surface. Figure 8.5 shows the experimental extinction spectra of this sample for
different angles of incidence of TM-polarised light.
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Figure 8.5: Experimental extinction spectra (−log(Transmission)) of the gold
nanorod-based metamaterial in its AAO matrix from Figure 8.3d. Spectra were
measured for different angles of incidence of TM-polarised light.
8.2.2 Polymer coated nanorod metamaterial
In order to coat the gold nanorod-based metamaterial with a thin layer of polymer, a new
sample was used. The diameter of the nanorods was estimated at 57 nm, their length at
153 nm and their period at 102 nm. The coating of the gold nanorod sample with a thin
layer of polymer to prevent quenching was performed using a layer-by-layer deposition
technique. Each polyelectrolyte layer was prepared by alternating the deposition of
poly(allylamine hydrochloride) (PAH) and polystyrene sulfonate (PSS). For each deposition
step, the plasmonic gold nanorod metamaterial was immersed in a polyelectrolyte solution
(10 mg.mL−1 in 1 mmol.L−1 NaCl aqueous solution) for 30 minutes and washed thoroughly
with pure water (18 MΩ). Figure 8.6b shows a SEM image of the sample after coating.
The layer-by-layer process was initiated with the cationic PAH layer in order to facilitate
the attachment of the first polyelectrolyte layer to the gold nanorods through amine-gold
interactions and terminated with the PSS layer to facilitate the electrostatic immobilisation
of the dye molecules to the spacer layer. The thickness of the deposited polymer layer
was measured by TEM on a sacrificial sample. The nanorod were pulled off the substrate
by sonication and subsequently covered with gold nanoparticles in order to visualise the
gap between the nanorods and the gold nanoparticles. The sample used in the following
experiments was prepared in order to achieve a 7.5 nm spacing layer. Figure 8.6a depicts
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Figure 8.6: Experimental extinction spectra (−log(Transmission)) of the poly-
mer coated free-standing gold nanorod-based metamaterial from Figure 8.3e
and SEM image. (a) Experimental extinction spectra measured for different angles of
incidence of TM-polarised light in air, (b) SEM image of the sample tilted at 45o.
the extinction spectra of the coated nanorod sample for different angles of incidence for
TM-polarised light.
8.3 Experimental results
For all measurements, the solution of donor-acceptor pairs was diluted to a concentration
of 1 µmol.L−1. The substrates were then placed on a confocal microscope and 1 µL of the
solution was subsequently drop-casted onto the samples. The same metamaterial sample
was used for each set of measurement comprising acquisitions for the three different lengths
of donor-acceptor pairs and both the donor and the acceptor alone. Photoluminescence
spectroscopy and time-resolved analysis were performed using the experimental setup
described in Chapter 4. A 532 nm wavelength laser beam, focused on the samples
with a 100× immersion oil objective (NA = 1.49), was used to excite the donor. The
fluorescence signal was detected through the same objective. Appropriate dichroic mirrors
and band-pass filters were used to separate the fluorescence signal from the excitation
light.
8.3.1 Time-resolved photoluminescence and Laplace transform analysis
The FRET rate modification together with the LDOS enhancement in the different
environments were evaluated by recording the decay dynamics of the donor for different
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donor-acceptor lengths using a TCSPC technique. The emission decays were then analysed
using the inverse Laplace transform described in Chapter 4.
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Figure 8.7: Normalised decay dynamics of the donor for different donor-
acceptor separations in different environments and Laplace analysis. (a, b)
On glass, (c,d) on a 50 nm thick gold film, (e, f) inside the gold nanorod-based
metamaterial, (g, h) on top of the gold nanorod-based metamaterial, (i, j) inside the
polymer coated gold nanorod-based metamaterial.
Figure 8.7(a,c,e,g,i) reports the normalised decay curves for the various environments,
where the energy transfer is exhibited by the reduction of the donor’s lifetime as much
Chapter 8. FRET inside a hyperbolic metamaterial 130
as the separations between the donor and the acceptor is reduced. In the case of the
donor alone, the lifetime of the donor is decreased by the presence of the gold film and the
metamaterial, corresponding to an increase in the decay rate of the donor ΓD = 1/τD and
revealing the modification of the LDOS for each environment. The energy transfer between
the donor and the acceptor is evidenced by the further reduction of the donor’s lifetime in
the presence of the acceptor τDA = 1/ΓDA for each donor-acceptor separations, due to
the additional decay channel provided by the enabled energy transfer between the donor
and the acceptor. The decay rate of the donor can therefore be expressed as a function
of the decay rate of the donor alone ΓD and the energy transfer rate ΓFRET leading to
ΓDA = ΓD + ΓFRET .
By looking at the lifetime decays in the different environments depicted in Figure
8.7(a,c,e,g,i), it is seen that whereas the lifetimes for all donor-acceptor separations
on the glass substrate, the gold film, on top of the metamaterial and inside the polymer
coated metamaterial are moderately modified, the lifetimes in the case of the donor-
acceptor pairs inside the uncoated metamaterial are strongly reduced, reaching a few
hundreds of picoseconds. The broad features exhibited by the lifetime distributions in
Figure 8.7(b,d,f,h,j) and therefore the multi-exponential profiles of the decay dynamics are
mainly related to the random positions of the donor-acceptor pairs as well as the random
orientations of their dipole moments.
8.3.2 FRET decay rates and efficiencies
Using the distributions obtained by analysis of the emission dynamics of the donor via
inverse Laplace transform approach, an amplitude average lifetime was calculated using







where n is the number of time steps in the lifetime distribution, τi is the lifetime component
of the donor and αi∑n
i=1 αi
its corresponding amplitude. Figure 8.8 gathers the results
obtained. The donor alone on a glass substrate shows an average lifetime of about 3.2 ns
which is consistent with the value reported in the literature.
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Figure 8.8: Average lifetime of the donor in different electromagnetic envi-
ronments as a function of the donor-acceptor separation. The error bars have
been calculated from the lifetime distributions, using error propagation on the calculated
average lifetime.
From these average lifetimes, the rate of energy transfer ΓFRET and FRET efficiencies
EFRET were calculated using the following equations












In order to evaluate the influence of the LDOS on the energy transfer, the FRET rates
and efficiencies have been represented as a function of the decay rate of the donor alone in
different environments, representing the modification of the LDOS. As represented in Figure
8.9, the increase in the LDOS from the glass substrate to the the top of the metamaterial
or the gold film is moderate, with rates increasing from 0.31 ns−1 to respectively 0.40 ns−1
and 0.45 ns−1 and leading to enhancements of respectively 1.3-fold and 1.5-fold. The same
observation has been made in the case of the polymer coated nanorod-based metamaterial,
where the decay rate of the donor is equal to 0.42 ns−1 (1.35-fold enhancement). In the
case of the donor-acceptor pairs located inside the metamaterial, the increase is more
significant, with an increase of the decay rate of the donor from 0.31 ns−1 to 3.76 ns−1
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or a LDOS enhancement of 12.1-fold. For larger separations between the donor and
the acceptor (6.8 nm and 10.2 nm), an increase in the LDOS led to an increase of the
FRET rate, reaching up to an 13-fold increase the donor-acceptor pairs located inside the
metamaterial compared to glass. For short separations, i.e 3.4 nm, the modification of the
FRET rate does not have a well-defined trend. As the spread in the LDOS studied is not
gradual and a significant gap exists between the LDOS enhancement on the gold film and
inside the metamaterial, the relationship between the LDOS and the FRET rate is difficult
to determine. The non-trivial behaviour of the FRET characteristics in the complex
environments studied could be related to various factors. The study of an ensemble of
donor-acceptor pairs rather than single pairs could potentially lead to collective effects or
cross-talk between FRET pairs, which may play an important role in the energy transfer
process, as described in several studies [183, 185]. Other factors such as inaccurate pairing
of the donor-acceptor pairs, leading to different distances between donors and acceptors
could also influence the experimental results. Moreover, due to the strong dependence of
the emission dynamics on the positioning of the donor-acceptor pairs in its environment, a
precisely controlled electromagnetic environment, as well as an homogeneous distribution
of emitters, is required.
Figure 8.9: FRET rates for different donor-acceptor separation in different
electromagnetic environments as a function of the increase in LDOS. The error
bars have been calculated via the propagation of errors method from the errors on the
average lifetimes.
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Using the same donor decay dynamics and Equation 8.2b, FRET efficiencies have been
calculated for the three separations between the donor and the acceptor in each environ-
ments. In the case of the donor-acceptor molecules on glass, it is possible to compare the
obtained efficiencies to the theoretical values calculated from the known Förster radius R0
for this specific pair of donor-acceptor, for which a separation of R0 = 6.5 nm leads to a
50 % FRET efficiency.
Figure 8.10: FRET efficiencies for different donor-acceptor separation in dif-
ferent electromagnetic environments as a function of the increase in LDOS.The
error bars have been calculated via the propagation of errors method from the errors on
the average lifetimes.
As observed from Figure 8.10, a separation of 6.4 nm (20 base pairs) between the donor
and the acceptor led to a measured 47 % FRET efficiency on glass which is in reasonable
agreement with the theoretical value (51 %). However, the experimental value of ≈ 60 %
for a donor-acceptor separation of 3.4 nm is much lower than the theoretical value of 98 %,
whereas in the case of a 10.2 nm separation, the experimental value of ≈ 30 % is higher
than the theoretical one of 6 %. These discrepancies between experimental and theoretical
values of efficiencies can be related to the presence of DNA linkers between the donor and
acceptor, preventing dynamic random averaging of the molecules and therefore altering the
efficiency of the energy transfer. In this case, the assumed value of κ2 = 2/3 is no longer
valid and the theoretical determination of κ2, specific to each type of donor-acceptor pair
and their separation, requires the study of the molecular binding of the system [235–237].
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The analysis of the FRET efficiencies for each electromagnetic environments has revealed
only slight variations of the FRET efficiency with the increase in the LDOS in most cases.
The most significant increase in FRET efficiency has been observed in the case of the
polymer coated gold nanorod-based metamaterial for all donor-acceptor separations. Small
variations of the efficiency are consistent with an increase of the FRET rate as increasing
the donor decay rate for each environment and keeping the efficiency the same requires
the FRET rate to increase in consequence as EFRET =
ΓFRET
ΓFRET+ΓD
. However, a decrease
in the FRET efficiency essentially means that the donor’s decay rate in the absence of
the acceptor increases more than the FRET rate in the same environment. This study of
FRET through time-resolved analysis of the emission dynamics of the donor has revealed
no significant trend on the influence of the material environment on the FRET efficiency
but has shown a large increase of the FRET rate, especially inside the metamaterial.
8.3.3 Photoluminescence spectroscopy
The free-space emission intensity of the acceptor collected through the substrate was
recorded and normalised to the emission intensity of the donor. The direct emission intensity
of the acceptor at the excitation wavelength of the donor was subtracted beforehand. Figure
8.11 depicts the results obtained where the energy transfer generally manifests itself by
the increase of the acceptor emission intensity for shorter separations between the donor
and the acceptor.
With regard to the donor-acceptor pairs placed on glass, the acceptor emission intensities
in the case of the gold film and on top of the metamaterial are both increased whereas in
the case of molecules inside the metamaterial, the emission intensity is greatly reduced for
all lengths. According to the study reported in Chapter 6, the reduced free-space emission
of the acceptor could be due to the coupling of the emitted light to the waveguided
mode supported by the structure. In order to verify this hypothesis, a dispersion of
reflection for TM-polarised waves was modelled using an effective medium theory for the
metamaterial parameters mentioned above and water as the embedding medium of the
nanorods, matching the solvent used in the experiments.
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Figure 8.11: Free-space donor-acceptor emission intensity for different donor-
acceptor separations in different environments. (a) On glass, (b) on a 50 nm
thick gold film, (c) inside the gold nanorod-based metamaterial, (d) on top of the gold
nanorod-based metamaterial. The data have been normalised to the emission intensity of
the donor.
Figure 8.12 shows that one of the TM-polarised waveguided modes supported by the
structure is significantly overlapping with the emission of the acceptor, thus favouring the
coupling of the emitted light by the acceptor to this mode.























Figure 8.12: Reflection dispersion of the metamaterial for TM polarisation
from EMT modelling using a Transfer Matrix Method. The embedding material
surrounding the nanorods is water. The light line in air (grey dotted line) and the emission
band of the acceptor dye (greyed region) are represented.
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Photoluminescence measurements were then performed on the polymer coated free-standing
gold nanorod-based metamaterial as shown in Figure 8.13. It is shown that the free-space
intensity of the acceptor is largely enhanced for all donor-acceptor separations but mostly
for larger distances (6.8 nm and 10.2 nm).
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Figure 8.13: Free-space donor-acceptor emission intensity for the free-
standing polymer coated gold nanorod-based metamaterial. The data have
been normalised to the emission intensity of the donor.
The presence of the coating around the nanorods acts as a spacer between the metal and
the dye molecules in order to avoid quenching but is also modifying the optical properties
of the material, thus altering its mode structure. This is therefore affecting the position of
the waveguided modes of the metamaterial and in this case does not prevent the free-space
emission of the acceptor.
8.4 Conclusion
The energy transfer between a donor and an acceptor with precise separations and located
in different electromagnetic environments has been investigated in this chapter. In most
environments with increased LDOS, an increase in the donor’s spontaneous emission
rate as well as the FRET rate with regard to the rates of emitters placed on glass has
been observed. In particular, donor-acceptor pairs placed inside the gold nanorod-based
metamaterial, showing a 12-fold increase of the LDOS, exhibited a 13-fold increase of
the FRET rate along with only slight variations of the FRET efficiency compared to the
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emitters located on glass. The free-space intensity measurements of the acceptor’s emission
for donor-acceptor pairs inside the metamaterial also revealed a strong decrease in the
acceptor’s emission attributed to the coupling of the emission to the waveguided mode
supported by the system at the emission wavelength of the acceptor. For the emitters
located on top of a gold film, on top of the nanorod-based metamaterial in its AAO matrix
or inside the polymer coated metamaterial, the increases in the decay rates of the donor or
the FRET rates remained moderate and the free-space emission of the acceptor normalised
to the donor’s emission increased in all cases compared to the emission intensity on glass.
The highest increase in intensity has been observed in the case of the polymer coated
metamaterial, especially for larger separations between the donor and acceptor. The
coating of the nanorod-based metamaterial with a thin polymer shell has shown to be a
good solution to avoid quenching but also strongly reduces the decay rates compared to
the emitters located inside the uncoated metamaterial. The homogeneity of the coating
still remains a challenge and needs to be improved for future experiments. This could
potentially be achieved by functionalising the gold nanorods with thiols of fixed lengths in
order to avoid multi-steps deposition processes. These results show the potential of highly
tunable hyperbolic metamaterial for the control of the energy transfer between emitters




This thesis described the process of spontaneous emission of fluorescent and phosphorescent
emitters as well as non-radiative energy transfer in donor-acceptor emitter pairs placed in
engineered material environments. In particular, the influence of a gold nanorod-based
hyperbolic metamaterial on these processes has been explored. The inexpensive and
relatively easy fabrication process of these metamaterials using a self-assembled approach,
combined with the ability to tune their geometrical parameters, allows their electromagnetic
properties to be tailored in a wide spectral range and over large areas. Therefore, plasmonic
hyperbolic metamaterials have recently emerged as a very flexible and powerful platform
for spontaneous emission engineering due to their peculiar mode structure providing high
density of optical states as well as broadband enhancement.
The study of spontaneous emission in non-local materials was performed. While the linear
optical properties of the nanorod-based hyperbolic metamaterial investigated in experiments
can be affected by a non-local response of the composite, it was shown theoretically,
numerically and experimentally that these properties dominate the spontaneous emission
process in such materials, due to the presence of an additional electromagnetic mode
impacting the density of optical states available for the emitter to decay. Experimental
enhancement of the spontaneous emission rate has been observed, which is in agreement
with the theoretical description of the Purcell effect in non-local materials developed.
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The influence of the mode structure of the nanorod-based hyperbolic metamaterial on the
spontaneous emission of emitters embedded within the metamaterial planar waveguide
has been demonstrated. The enhancement of the fluorescence coupled to the waveguided
plasmon-polariton modes of the metamaterial has been shown. A strong position-dependent
acceleration of the spontaneous decay rate has been observed for emitters inside the
metamaterial slab, while only a weak modification of the rate was observed for emitters in
the proximity of the metamaterial waveguide interface.
The process of phosphorescence using a long lifetime Ruthenium-based complex, involving
triplet-state electronic transitions, was performed in different electromagnetic environments.
Very large increases in the spontaneous emission rate in the proximity of a metallic surface
and inside a nanorod-based metamaterial were experimentally measured. In both cases,
the enhancement factors obtained have been shown to be far beyond the predictions of the
standard electromagnetic local density of states description, which led to a good agreement
between theoretical and experimental approaches in the case of conventional fluorescent
dyes.
The process of non-radiative energy transfer between donor and acceptor emitters in
various plasmonic environments including a nanorod-based hyperbolic metamaterial was
investigated. The emission dynamics of the donor and the free-space emission intensity
of the acceptor were measured in order to evaluate the influence of the modification of
the LDOS on the energy transfer process. The highest increase in the FRET rate was
observed for emitters located within the metamaterial.
9.2 Outlook
The work reported in the scope of this thesis has given insight into the field of spontaneous
emission engineering with hyperbolic metamaterials. The results have demonstrated the
capability of such active hyperbolic metamaterials, exhibiting highly tuneable electromag-
netic properties, to be used in many different types of practical applications ranging from
bioapplications to quantum photonic applications, with the design of enhanced and fast
light sources for various nanophotonic components. In addition, this work has opened up
new potential research axes to be investigated. It has for instance been theoretically shown
that finite-size resonators comprised of nanorod-based hyperbolic metamaterials exhibit
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significant Purcell enhancement originating from the mode structure of the metamaterial.
Therefore, as an extension to the experimental work done with the nanorod-based planar
waveguide which has infinite dimensions in the plane perpendicular to the nanorods, the
study of finite-size resonators based on nanorod hyperbolic metamaterials could be benefi-
cial to the control of spontaneous emission. Moreover, in the case where free-space radiated
emission is valuable, further nanostructuring of the nanorod-based metamaterial could be
used as a way to optimise the out-coupling, shaping and directionality of the free-space
emitted light. These tunable structures, potentially exhibiting high enhancements of
emission intensity and spontaneous emission rates, would pave the way to the development
of efficient light-emitting diodes or single photon sources.
Other types of hyperbolic metamaterials, such as metallo-dielectric multilayers, also
constitute interesting alternatives for spontaneous emission engineering. Despite their
more difficult fabrication process, requiring the careful combination of dielectric and metallic
materials and the subsequent repetitive deposition of layers with deeply subwavelength
thicknesses, multilayer hyperbolic metamaterials allow an easier control and optimisation of
the placement of the emitters with regard to the structure, therefore limiting the quenching
of emission by the metal.
The high potential of hyperbolic metamaterials for various practical applications has also
recently led to the research towards natural hyperbolic materials [238, 239], having the
advantage of not requiring expensive or complicated fabrication techniques. While many
of the materials considered exhibit hyperbolic behaviour in the far-infrared spectral range,
a few materials, including tetradymites such as Bi2Se3 and Bi2Te3, have been shown to
exhibit broadband hyperbolic behaviour at optical frequencies [240]. Although having
dedicated spectral ranges of applications, these natural hyperbolic materials have the
advantage of exhibiting reduced unit cell sizes, technically allowing the presence of higher
wavevector modes than in composite materials. These materials have however shown to
be relatively lossy and reducing their absorption remains a challenge.
The highly attractive enhanced LDOS over a broad spectral range characteristic of 3D
hyperbolic metamaterials has also recently been observed in 2D hyperbolic metasurfaces
[241–243]. Thanks to their 2D character, metasurfaces have been predicted to show
lower losses than their 3D equivalents and benefit from easy fabrication techniques as
well as integration to optoelectronic circuits. These structures therefore constitute good
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candidates for the control of spontaneous emission [244], by facilitating the placing of
quantum emitters in the vicinity of the structure.
While the core of the research in spontaneous emission engineering has so far been
performed in the visible spectral range thanks to the broad range of organic dyes and
emitting nanoparticles available, the development of bioapplications, as well as new fields of
interest based on spontaneous emission processes, have led to the need to extend the spectral
range available. The near-infrared window, comprising wavelengths between 650 nm and
1700 nm, appears to be particularly attractive for biological applications because of
minimum photodamage to samples and deep tissue penetration. This wavelength range is
also of great interest for telecommunications applications, especially between 1300 nm and
1600 nm, where optical fibres exhibit zero-dispersion and lower losses. Therefore, research
towards the design of nanostructured materials with engineered electromagnetic properties
for the control of spontaneous emission and non-radiative processes in this new spectral
range is required and could be enabled by the development of new types of hyperbolic
media, together with advances in the manufacturing of novel emitters.
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[24] G Cario and J Franck. Über sensibilisierte fluoreszenz von gasen. Zeitschrift für Physik A
Hadrons and Nuclei, 17(1):202–212, 1923.
[25] J Perrin and N Choucroun. Fluorescence sensibilisée en milieu liquide (transferts d’activation
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emission coupled to plasmonic lattice resonances: A collective directional source of polarized
light. Applied Physics Letters, 100(11):111103, 2012.
[158] Shinpei Ogawa, Masahiro Imada, Susumu Yoshimoto, Makoto Okano, and Susumu Noda.
Control of light emission by 3d photonic crystals. Science, 305(5681):227–229, 2004.
[159] Masayuki Fujita, Shigeki Takahashi, Yoshinori Tanaka, Takashi Asano, and Susumu Noda.
Simultaneous inhibition and redistribution of spontaneous light emission in photonic crystals.
Science, 308(5726):1296–1298, 2005.
[160] Kevin Hennessy, Antonio Badolato, M Winger, D Gerace, Mete Atatüre, S Gulde, S Fält,
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